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Abstract
Virulence of Cryphonectria Hypoviruses from Previous Release Sites
Paul Henry Chaloux
In 1994 and 1995, Cryphonectria parasitica isolates singly or doubly infected with
hypoviruses in the CHV3 genus, and lacking distinctive morphological abnormalities,
were recovered near plots formerly used to release hypoviruses.  This study tested the
hypothesis that North American hypoviruses are evolving decreased virulence, and
investigated hypovirus interactions affecting virulence in double-infections.  Families of
single conidial progeny (SCP), differing in infection status, and derived from six
recovered, three release, and three comparison isolates were tested in three field
experiments.  All release isolates and four recovered isolates were debilitated by their
CHV3-gh2-type hypoviruses.  CHV3-sr2-type hypoviruses never caused debilitation.  In
family SG3-2 the two hypoviruses were less virulent together than either alone, a negative
interaction.  Positive interaction was observed in family P1-3-1-3, and masking of the
weaker hypovirus by the stronger was seen in family SG7-1.  This study provided only
limited support for the evolution of decreased hypovirus virulence in North American.
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1Introduction
The plight of the American chestnut (Castanea dentata (Marsh.) Borkh.) is often
cited as a classic example of the devastation that can occur when an exotic pathogen
becomes successfully established in a new habitat.  First discovered in 1904 at the Bronx
Zoological Park in New York City, chestnut blight spread swiftly, so that by mid-century
it had wrought havoc with the American chestnut population throughout the entire natural
range of the tree.  Chestnut blight is caused by an ascomycetous fungus, Cryphonectria
parasitica (Murrill) Barr.  Wounds in the bark serve as infection courts, the fungus then
produces distinctive mycelial fans in the bark and cambial tissues as it invades the tree.
The mycelial fans kill fluid conducting tissues and produce cankers that eventually girdle
the stem, resulting in death of the stem beyond the infection.
The original hosts for C. parasitica are Asian Castanea species.  These chestnut
species have evolved varying degrees of resistance during their long association with the
pathogen.  Infection of Asian chestnuts often results in small cankers that are quickly
walled off by callous tissue, typically resulting in little real damage to the tree.  Not
having evolved with the pathogen, American and European (Castanea sativa Mill.)
chestnuts possess little to no resistance to C. parasitica.
Although European chestnuts also lack effective resistance to chestnut blight, the
progress of the disease in Europe followed a significantly different course than it had in
North America.  The first report of chestnut blight in Europe came from Genova, Italy in
1938.  Initially the disease spread rapidly, as it had in North America.  However, the
discovery of naturally healing cankers in northern Italy in 1951 led to the discovery of
hypovirulence, caused by cytoplasmically transmitted viral parasites of C. parasitica, now
known as hypoviruses.  Intentional introductions of hypoviruses, along with natural
dissemination, especially in Italy, allowed a revival of the European chestnut industry.
Researchers at the Connecticut Agricultural Research Station became aware of the
events in Europe during the mid-1970’s and began investigating the possibility of using
hypovirulence as a control for chestnut blight on this continent.  By the late 1970’s,
2researchers at other institutions had joined this investigation.  Soon, hypoviruses were
discovered infecting North American isolates of C. parasitica.  Field releases of
hypovirulent isolates were made in experimental plots located throughout the natural
range of the American chestnut, including sites in Kentucky and West Virginia.  A variety
of hypoviruses were included in these early releases.  Some were originally found in
isolates from Europe, some in isolates from North America.  The hypoviruses included in
the early releases possessed a wide range of virulence towards the fungus; some were
highly debilitating, others much less so.
Unfortunately, the hypoviruses generally failed to establish themselves in North
American populations of the fungus, and thus serve as effective biological controls for
chestnut blight on this continent. The main reason for the failure appears to be a system of
vegetative incompatibility genes in C. parasitica that control hyphal fusion between
isolates.  Very few possible combinations of these genes appear to be expressed in
Europe.  This situation apparently allows frequent anastomosis and hypovirus
transmission to occur between different strains of C. parasitica.  In North America, much
greater diversity in the vegetative incompatibility genes is expressed, apparently
restricting instances of successful anastomosis and hypovirus  transmission.  Other
barriers to hypovirus dissemination exist.  The additional barriers include lack of
transmission of hypoviruses into sexual spores of the fungus, reduced asexual
sporulation, and reduced competitiveness of hypovirulent strains due to their reduced
reduced growth and sporulation.  These factors, singly or in combination, also may
contribute to the failure of hypoviruses to serve as effective biological control agents for
chestnut blight in eastern North America.
The inability of strongly debilitating hypoviruses to establish themselves in
populations of the fungus here in North America has created a unique opportunity to
examine one of the paradigms of co-evolutionary theory.  This paradigm postulates that
when a parasite or pathogen has difficulty in successfully propagating itself in new hosts,
that parasite or pathogen will tend to evolve a lower degree of virulence towards its host.
A reduction in virulence will tend to increase the longevity of the parasite or pathogen’s
host, thus increasing the amount of time the parasite has to successfully propagate itself.
3More recently, mathematical models of co-evolutionary systems with three trophic
levels have been proposed.  These models are appropriate to the chestnut blight
pathosystem because of the involvement of a tree species, a fungal pathogen and viral
hyperparasites.  One of the models of hyperparasitized systems considers parameters
pertinent to the evolution of hypoviruses in North America.  This model predicts that
when increased vertical transmission of the hyperparasite is favored, and horizontal
transmission is limited, the hyperparasite will evolve less virulence toward the pathogen.
Because hypoviruses contain RNA as their genetic material, allowing them to
mutate rapidly, evolution of changes in virulence could occur in short periods of time.
The potential for rapid evolution, and the barriers to effective dissemination presented to
hypoviruses by the North American population of C. parasitica, makes the hypovirus/ C.
parasitica system well suited for study of the evolutionary dynamics predicted by
evolutionary models.
The primary objective of my study was to obtain evidence for or against the
evolution of reduced hypovirus virulence in North America.  The working hypothesis was
that less virulent hypoviruses are better able to persist within wild populations of C.
parasitica in North America than are hypovirus strains that are more virulent toward their
hosts.  To test this hypothesis, hypovirus-infected isolates were recovered from sites in
Kentucky and West Virginia where hypovirulent isolates had been released in the late
1970s and early 1980s.  The ability of the recovered hypoviruses to affect the growth and
sporulation of their hosts will be compared to that same ability for some of the originally
released hypoviruses.
During the course of the study, some of the recovered isolates were found to be
infected with two hypoviruses, rather than just one.  There is a paucity of information on
interactions affecting fungal growth and sporulation between hypoviruses co-infecting a
single host.  Therefore, a second objective of my study was to examine hypovirus
interactions in the doubly infected isolates.
4Literature Review
To organize the literature review, I have divided it into six sections.  The first
section is an overview of the history of the disease, attempts to control it, and the
discovery of hypoviruses.  The second provides a description of C. parasitica, and the
etiology of chestnut blight.  The third section is a discussion of hypoviruses, the viral
parasites of the fungus.  The fourth section reviews ideas about evolutionary interactions
between chestnuts, C. parasitica, and hypoviruses.  The fifth section summarizes the
evolution of RNA viruses, including the Hypoviridae.  The final section is a statement of
the objectives of this study.
History of  chestnut blight
Chestnut blight is a classic example of the destruction an introduced pathogen can
cause when it encounters a previously unavailable, highly susceptible host (Anagnostakis,
1987, Heiniger and Rigling, 1994, MacDonald and Fulbright, 1991).  This occurred when
the chestnut blight fungus, C. parasitica, was introduced to North America around the
turn of this century, probably on nursery stock imported from Japan (Milgroom et al.,
1996).  American chestnut (Castanea dentata (Marsh.) Borkh.)) is highly susceptible to
C. parasitica, and was decimated by this pathogen within fifty years (Kuhlman, 1978).
The fungus also made its way into Europe.  There, chestnut blight was first reported in
1938 near Genova, Italy (Heiniger and Rigling, 1994).  The disease spread rapidly,
devastating large populations of European chestnuts (Castanea sativa Mill.) (Heiniger
and Rigling, 1994).  The disease system includes the hosts, trees and shrubs in the genus
Castanea, the fungal pathogen, Cryphonectria parasitica (Murrill, 1906b), and the more
recently discovered parasites of the fungus, hypoviruses in the family Hypoviridae (Choi
and Nuss, 1992).  These viruses infect the cytoplasm of C. parasitica, reducing the
fungus’ ability to grow and reproduce, thereby reducing the virulence of the fungus.
5C. parasitica is native to Asia (Milgroom et al., 1996).  The fungus is a parasite of
Asian Castanea (chestnut) species; most of these species exhibit moderate to strong
resistance to the disease (Graves, 1950).  The exact mechanism of resistance is not
known, but infection of resistant trees generally results in small cankers that are quickly
walled off and do little real damage to the tree (Burnham et al., 1986).  Resistance
presumably evolved during the long association between C. parasitica and Asiatic
Castanea species.  American and European chestnuts do not possess effective resistance
to chestnut blight.  Infection these two species almost always results in a canker that
continues to expand, eventually girdling the affected branch or stem, leading to death of
tissues beyond the canker.  The fungus produces abundant spores in erumpent orange
stromata and quickly spreads through populations of American or European chestnuts
(Anagnostakis, 1987).
C. parasitica arrived in North America toward the end of the nineteenth century,
when Asiatic, and particularly Japanese chestnuts, Castanea crenata Siebold & Zucc.,
were being imported for a variety of reasons.  The larger, though less sweet-tasting nuts,
and the low, spreading growth habit of Japanese chestnuts were more suited to orchard
requirements and also provided a different effect in landscape settings (Anagnostakis,
1993).  She reports that G. H. Powell wrote in 1900 that the first record of imports of
Japanese chestnuts to North America was in 1876 by S. B. Parsons, a nursery man at the
western end of Long Island.  This initial importation was followed by numerous others;
by the end of the nineteenth century chestnuts from Japan were widely distributed in the
United States from California to Connecticut, though few are found today.  C. parasitica
almost certainly was brought to this continent during one or more of these importations of
(Anagnostakis, 1993).  This conclusion is supported by recent genetic analyses of C.
parasitica populations in North America, Europe and Asia (Milgroom, 1996).
Regardless of the exact source of the initial inoculum for chestnut blight in North
America, the disease was noticed first on the grounds of the New York City Bronx
Zoological Park in 1904 (Merkel, 1905).  In his 1905 report to the New York Zoological
Society, Merkel states that in the summer of 1904 a few scattered cases of the disease
were seen.  He goes on to note that by 1905 infections had become established on “many
6widely scattered trees of all sizes” and that an appeal for information about the disease
had been made to the United States Department of Agriculture.
The first formal description of the causal organism was made in 1906 (Murrill,
1906a, 1906b). Sunken, rapidly developing cankers with brightly pigmented orange
stromata bearing pycnidia and perithecia on the branches and stems of infected trees were
described.  Murrill (1906b) also detailed the fulfillment of Koch’s postulates, proving that
the fungus was the agent responsible for chestnut blight, and placed the organism in the
genus Diaporthe with the specific name parasitica.
In 1914, an extensive review of the then current knowledge about the disease was
published (Anderson and Rankin, 1914).  The morphology of the fungus was described in
detail, along with a discussion of the etiology of the disease.  Virulence studies on various
trees in the genus Castanea had revealed the susceptibility of American and European
chestnuts and the existence of resistance in most Asian species. They describe the spread
of the disease from Virginia in the south to New Hampshire and upstate New York in the
north by 1914.  At this time, chestnut blight had not yet been reported as far west as Ohio.
They concluded their paper with a discussion of the control methods advocated for the
disease.  These included spraying with Bordeaux mixture, injecting diseased trees with
various compounds, pruning affected branches, removing infected trees, and establishing
“immune zones” by removing all chestnut trees in a strip twenty or more miles wide
between areas where the disease was already present and absent.  They conclude by
noting that in all instances where control had been attempted, failure was the final result.
Another avenue pursued early in the battle against chestnut blight in North
America was to breed blight resistant chestnuts with the forest-type growth habit of the
American chestnut.  Burnham (1986) provides a review of these efforts.  Programs to
breed a blight resistant American chestnut were conducted by the USDA and the
Connecticut Agricultural Experiment Station (CAES).  Unfortunately, these breeding
programs failed to produced the desired tree.  Lack of an effective breeding strategy, the
lack of an good method to screen for blight resistance, and an erroneous assumption of
linkage between genes coding for resistance and those coding for good growth and form
have been cited as reasons for this failure (Burnham, 1986).
7Without effective control measures for chestnut blight and without a resistant tree,
the disease spread through the population of American chestnuts at an alarming rate.  By
the middle of this century virtually every American chestnut within the natural range of
tree was affected, and the harvest of American chestnut products of all types had ground
to a nearly complete halt (Kuhlman, 1978).
A similar sequence of events played out in Europe.  In spite of strict quarantines
and embargoes on chestnut products, the disease was found in an orchard in Genova, Italy
in 1938 (Heiniger and Rigling, 1994).  At first the disease spread rapidly, as it had in
North America.  But in 1951, Antonio Biraghi, an Italian plant pathologist, noticed
atypical cankers on some trees in the Genoa region of Italy (Mittempergher, 1978).
Unlike normal infections, these cankers were swollen and superficial, and did not kill the
stems of the trees on which they were found.  The reduced virulence of the strains causing
these unusual cankers allowed the trees to wall off the infections and survive.  When
isolations from the unusual cankers were made, the resultant cultures had abnormal
morphologies and reduced pigmentation (Grente, 1965).  When these abnormal isolates
were inoculated into living stems, they exhibited reduced virulence, producing non-lethal
cankers like those originally observed by Biraghi.  The fungus causing the unusual
cankers was shown to be C. parasitica, and the factors causing the unusual morphology
and slow growth of these isolates were transmissible to previously normal isolates, both
in vivo and in vitro.  When this transfer occurred on live stems, previously virulent,
expanding cankers were converted to the avirulent type.  Grente termed this phenomenon
hypovirulence.
Hypovirulence was shown to be cytoplasmically controlled (Puhalla and
Anagnostakis, 1971) and associated with the presence of lipid vesicles containing dsRNA
(Dodds, 1979). Recently, the dsRNA-containing agents responsible for hypovirulence
have been classified as mycoviruses in the family Hypoviridae (Hillman et al., 1995), and
are now commonly referred to as hypoviruses.  The transfer of hypoviruses was shown to
occur during hyphal anastomosis between hypovirulent and virulent strains (Betherlay-
Sauret, 1973, Van Alfen et al., 1975, Newhouse and MacDonald, 1991).  This
transmission of the hypoviruses and the hypovirulent trait to virulent strains of C.
8parasitica has formed the basis of successful biological control of chestnut blight in
Europe, although blight remains a major problem there (Heiniger and Rigling, 1994).
In the mid-1970’s, workers at the CAES heard of the situation in Italy through
journal publications and abstracts.  This led to experimentation that confirmed Grente’s
work in Europe by demonstrating the successful transmission of hypovirulence-inducing
agents between American strains of the fungus in vitro and in cankers on American
chestnuts (Van Alfen et al., 1975).  When transmission of the hypovirulence factor
occurred in live stems, callus tissue formation was induced at the edge of the previously
virulent cankers, in a manner very similar to what was occurring with hypovirulent
isolates on European chestnuts.
This work began to receive attention outside the scientific community.  As a
result, a naturalist noticed what appeared to be hypovirulent cankers in a stand of
American chestnuts in Michigan and sent the CAES bark samples.  Over the next five
years, hypovirulent cankers were found on surviving trees in other states (Jaynes and
Elliston, 1982, Griffin et al., 1984).  When C. parasitica was isolated from these cankers,
the resultant colonies retained normal orange pigmentation.  In other respects, the
colonies resembled hypovirulent isolates from Europe, containing dsRNA, displaying
abnormal culture morphology, severely reduced growth in vitro and in vivo, and the
ability to confer these traits to other virulent isolates following anastomosis (Elliston and
Jaynes, 1977, Jaynes and Elliston, 1982, Griffin et al., 1984).
The discovery of hypovirulent isolates from Europe and North America led to
attempts to use them as biological control agents for chestnut blight in the United States.
One obstacle that became immediately apparent was the existence of a system vegetative
compatibility between different strains of the fungus.  Vegetative compatibility is a
self/non-self recognition system that exists in many filamentous fungi, including C.
parasitica (Glass and Kuldau, 1992).  The genetically controlled system regulates the
occurrence of anastomoses between individuals.  By regulating anastomoses, vegetative
incompatibility can limit the dissemination of cytoplasmic elements, including
mycoviruses, nuclei, and defective organelles, between individuals within a population
(Glass and Kuldau, 1992).
9Vegetative compatibility group diversity has been negatively correlated with the
spread of hypoviruses (Milgroom, 1992).  For instance, C. parasitica populations in
stands of American chestnut in Michigan, outside the natural range of the tree, have few
vegetative compatibility groups, and high levels of hypovirus-infected cankers (Michna,
1988).  On a larger geographic scale, Anagnostakis demonstrated a correlation between
low vegetative compatibility group diversity in Europe (Anagnostakis et al., 1986), where
hypoviruses have successfully controlled blight, and high vegetative compatibility group
diversity in North America, where hypoviruses typically have not worked to control
blight within the natural range of American chestnuts.
Current research into the chestnut blight pathosystem has taken advantage of  the
techniques of molecular biology.  For instance, the incorporation of a clonal DNA copy of
the CHV1-EP713 genome into the nuclear genome of the fungus may circumvent the
problem of lack of hypovirus transmission into ascospores (Chen et al., 1994).   This
achievement may allow the “bridging” of vegetative compatibility barriers and allow for
more effective dissemination of hypoviruses.  Another recent accomplishment at the
molecular level has been the determination of exact sequences for the genomes of the
CHV1-EP713, CHV2-NB58, and CHV3-GH2 hypoviruses (Choi and Nuss, 1992,
Hillman et al., 1994, Hillman, pers. com.).  In addition, the gross genetic structures of
these hypoviruses have been determined.  Last, the effects that hypoviruses have on the
physiology of their fungal hosts at the molecular level are beginning to be worked out
(Carpenter et al., 1992, Chen et al., 1994, Chen and Nuss, 1999, Kasahara et al., 1997).
Cryphonectria parasitica
Taxonomy
When the chestnut blight fungus was first described by Murrill in 1906, he placed
it in the genus Diaporthe and gave it the specific name parasitica (Murrill, 1906a).  The
assignment of the newly described fungus was soon questioned.  Anderson and Rankin
(1914) report that in 1907, Rehm argued that the genus Valsonectria was a more
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appropriate place to lodge the chestnut blight fungus, and in 1909 Clinton proposed the
genus Endothia as the natural placement of the pathogen, due to many similarities to
Endothia gyrosa.  By the end of 1909, there was fairly universal agreement that the
chestnut blight fungus was an Endothia, rather than a Diaporthe or Valsonectria.
However, the debate over the specific name of the fungus continued for several more
years, with some authorities arguing the “new” fungus was a separate species, others
considered it a varietal form of E. gyrosa or E. parasitica (Anderson and Rankin, 1914).
Anderson and Anderson (1912) published a study in which the saprophytic American
Endothia were compared.  In this study they found significant differences in the
ascospores and mycelial morphology between the new, canker-causing fungus and the
other fungi in the genus.  Based on these differences they proposed that the fungus
responsible for chestnut blight be called Endothia parasitica.  The differences found by
Anderson and Anderson (1912) were supported by other authorities and the chestnut
blight fungus was considered to be Endothia parasitica for the next 66 years.
In 1978, Barr (1978) published a monograph on the North American Diaporthales.
In this monograph she divided the genus Endothia into two genera based on the septation
of ascospores and the configuration and texture of stromatic tissues.  Barr restricted the
genus Endothia to species producing nonseptate, allantoid ascospores in diatrypoid
stromata made predominantly of pseudoparenchymatous tissue.  In contrast, the species
included in Cryphonectria produce ovoid to ellipsoid ascospores possessing a single
septum in valsoid stromata made up of prosenchymatous tissue.  When the Cryphonectria
and Endothia were examined again by Micales and Stipes (1987), they found the criteria
used by Barr (1978) were relevant and supported the adoption of Barr’s reclassification of
the genera.  The synonomy of Cryphonectria parasitica (Murrill) Barr is therefore as
follows:
Diaporthe parasitica Murrill.  Torreya 6:189, 1906
Valsonectria parasitica (Murrill) Rehm.  Ann. Myc. 5:210, 1907
Endothia gyrosa var. parasitica (Murrill) Clinton.  Science 36: 913, 1912
Endothia parasitica (Murrill) Anderson.  Phytopathol. 2: 210, 1912
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Morphology
The morphology of C. parasitica has been described numerous times (Murrill,
1906a, 1906b, Anderson and Anderson, 1912, Anderson and Rankin, 1914, Barr, 1978,
Micales and Stipes, 1987).  In brief, the fungus forms cankers in the bark on stems and
branches of susceptible hosts by growth of mycelial fans.  These mycelial fans are pure
white when young, becoming yellow or buff with age.  By the end of a single season’s
growth, cankers produce orange or reddish-brown stromata that are erumpent from the
host’s bark.  Stromata vary widely in size, depending on the environment and season.  On
smooth-barked hosts they tend to occur singly, averaging about 2.5 by 1.2 mm. in width
and height, and about 1.3 mm. in depth.  When the canker forms in rough-barked hosts
the stromata are generally found in crevices of the bark, and are often joined together to
form solid lines as much as 10-15 cm. long.  Color of the stromata is  yellow at first,
gradually darkening to reddish-brown, and finally cinnamon-brown.  Cross sections of
stromata reveal a center of comparatively loose, tangled hyphae that are pigmented
yellow, septate and branched.  The exposed surface is covered by a rind layer of
shortened and thickened hyphae possessing a more substantial cell wall than hyphae in
the interior.
Pycnidia also are variable in size and shape.  Young pycnidia can be formed prior
to formation of a defined stroma (Anderson and Rankin, 1914).  These young pycnidia
have walls of tangled hyphae, but these hyphae do not form a  pseudoparenchymatous
wall (Barr, 1978).  Conidiophores form a brushy fringe on the wall of the pycnidial cavity
and project into this cavity from all sides.  The conidiogenous cells are phialidic, the
spores produced first fill the cavity of the pycnidium and then are forced out through an
ostiole to form cirrhi that can be as long as several centimeters (Anderson and Rankin,
1914).  The conidiospores produced in the pycnidia and subsequently extruded in the
cirrhi are hyaline and average 1.28 by 3.56 µm.  These spores are nonseptate, uninucleate,
and contain a polar body at each end.  They are covered by a thin, smooth membrane and
are cylindrical to slightly oval with rounded ends.  With maturity, the pycnidial cavity
becomes convoluted, with a number of connected chambers.  Cavities of the mature
pycnidium may be as large as one millimeter in diameter (Anderson and Rankin, 1914).
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As the pycnidia mature, a definite stroma is formed around each.  The stroma eventually
forms perithecia, evidence of which are visible as black specks on the surface of stromata.
Each black speck is the opening of a perithecium, the body of which is at the bottom of
the stroma.  The perithecial opening and body are connected by a long neck, also black in
color.  The interior of the perithecial body contains periphyses and ascogenous cells.  The
ascogenous cells produce asci containing eight two-celled ascospores that are oval with
blunted or rounded ends and constricted at the septum at maturity.  Each cell contains two
to four nuclei, and they generally do not contain vacuoles or oil droplets.  Once mature,
ascospores are forcibly ejected and may become windborne.
Disease cycle and host susceptibility
Infections are initiated when the fungus enters an open infection court, typically a
fresh wound through the cortex of a stem (Anderson and Rankin, 1914).  If the infection
is initiated by a spore, a visible canker will show in three- to- five weeks, perhaps a bit
longer in the spring and fall when temperatures are cool.  Cankers initiated by mycelial
fragments take about two weeks to exhibit visible growth.  The first visible symptom is a
darkened area around the point of infection (Anderson and Rankin, 1914).  The fungus
grows as mycelial fans which push through the living bark, destroying the parenchyma,
collenchyma and cambial cells (McCarroll and Thor, 1985).  Eventually the fans girdle
the stem or branch, disrupting fluid movement to distal portions of the plant, resulting in
wilting and death of the distal tissues.  Bark overlaying the infection eventually becomes
loose and sloughs off.  Before the bark sloughs off, the fungal mycelium produces
pycnidia, followed by stromatal development, and later, if spermatized, perithecia bearing
ascospores  (Anderson and Rankin, 1914).  The timing of development of pycnidia and
perithecia is variable, depending on the time of year of canker initiation, the weather, and
the physiological condition of the host.  Conidia that are produced can become
waterborne or be spread by mammals and birds (DePalma, 1981) or arthropods  (Griffin
et al., 1984, Nannelli et al., 1998) to initiate new infections or serve as spermatia
(Anderson and Rankin, 1914).
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Cryphonectria parasitica is primarily a pathogen of the genus Castanea, but can
grow on a number of trees in the Fagaceae family, and has been reported on maples, tulip
poplar and beech (Nash and Stambaugh, 1982) (see Table 1).  Within the genus
Castanea, host susceptibility varies.  Graves (1950) rated the disease reactions of various
Castanea species as ranging from very resistant (some, but not all, C. mollissima) to very
susceptible (C. dentata).  On resistant hosts, cankers do not expand rapidly, and are soon
walled off by a thick ridge of callus tissue, resulting in a swollen, superficial growth on
the stem that does little real damage to the tree.  On susceptible hosts, cankers develop as
described in the preceding paragraph.  On hosts outside the genus Castanea, like oaks,
infection can result in a wide range of symptoms.  Nash and Stambaugh (1982) list
cankers subtended by mycelial fans, “basal swelling, callus formation, involution of the
bark and distortion of wood tissues beneath cankered areas”.
Table 1:  Woody hosts other than Castanea sp. from which C. parasitica has been recovered.
Other Hosts of Cryphonectria parasitica
Acer palmatum
Acer pensylvanicum Quercus montana
Acer rubrum Quercus muhlenbergi
Carpinus caroliniana Quercus petraea
Carya ovata Quercus prinus
Fagus sylvatica Quercus pubescens
Liriodendron tulipifera Quercus robur
Ostrya virginiana Quercus rubra
Quercus alba Quercus sessiliflora
Quercus coccinea Quercus stellata
Quercus falcata Quercus velutina
Quercus ilex Quercus virginiana
Quercus macrocarpa Rhus typhina
From compilation by Stipes et. al. 1982
Vegetative compatibility
C. parasitica possesses a genetically controlled system of vegetative compatibility
in the vegetative phase of growth (Glass and Kuldau, 1992).  The practical result of the
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system is formation of hyphal anastomoses when strains are vegetatively compatible, or a
lack of successful anastomoses when strains are  incompatible.  When anastomoses form,
cytoplasmic elements like hypoviruses, along with nuclei and other organelles, may be
transferred from one fungal strain to another (Glass and Kuldau, 1992, Cortesi and
Milgroom, 1998, Newhouse and MacDonald, 1991).  Seven independently segregating
vic loci that control the system have been identified (Cortesi and Milgroom, 1998).  Each
locus is apparently biallelic, although recent work with Asian isolates hints at the
possibility of multiple alleles for some loci in that fungus population (Cortesi and
Milgroom, 1998).  If hyphae from two incompatible strains (with different alleles at one
or more loci) make contact, an incompatible reaction can result.  This is expressed in
culture as a barrage line characterized by dead or dying hyphae of the two strains,
bordered by a line of orange pycnidia (Glass and Kuldau, 1992).  Differing alleles at only
one locus will induce this barrage reaction (Leslie, 1993).
Vegetative compatibility’s influence on the horizontal spread of hypoviruses is
apparently quite complex.  Some fungal isolates have a broad capacity to transfer
hypoviruses to other strains (Kuhlman et al., 1984), and the transfer of hypoviruses
between incompatible strains is a well documented phenomenon (Anagnostakis, 1983a,
Kuhlman et al., 1984)..  Anagnostakis (1983a) reported that tests of 72 weakly
incompatible strains revealed that 62 pairings allowed the transfer of hypovirus dsRNA in
a bi-directional manner (i.e. either strain could be donor or recipient of the dsRNA).
Kuhlman et al.. (1984) reported that 27 hypovirulent isolates were individually capable of
transferring hypoviruses to 0-41% of 118 virus-free isolates belonging to 54 different
vegetative compatibility groups.  A major shortcoming in these studies was the lack of an
understanding of the genetic basis of the vegetative incompatibility system.
More recent work has begun to characterize the genetic underpinnings of the
vegetative incompatibility system, and efforts have been made to identify the effects that
individual genes have on the transfer of dsRNA between fungal strains.  An initial
attempt to identify individual vegetative incompatibility genes (vic genes) was made by
Anagnostakis (1988).  By crossing strains from different v-c groups, she was able to
identify 2 vic genes, called vic gene 1 and 2.  This work was extended by Huber (1996),
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who identified an additional three vic genes (3, 4, and 5). He also noted that in vitro some
of these genes allowed only unidirectional transfer of dsRNA in reciprocal pairings of
isolates differing only at specific genes.  Support for unidirectional transfer has recently
been provided by Milgroom (pers. com. (1998 NE140 minutes)) and in a field setting by
Balbalian (1998).  Further understanding of the genetics of the vegetative incompatibility
system has been provided by Cortesi and Milgroom (1998).  Examining crosses of
European isolates of C. parasitica, these authors were able to identify vic genes 6 and 7
and confirm the lack of linkage between any of the vic genes.
Hypoviruses
Taxonomy and characterization
Almost as soon as the transmissible nature of the hypovirulence phenomenon was
discovered, a search for the agents responsible for the phenomenon began.  Grente and
Sauret (1969) hypothesized that a “cytoplasmic agent” was responsible, and that the agent
was transferred from hypovirulent to virulent isolates during hyphal anastomosis.  Proof
of the cytoplasmic nature of the hypovirulence agent came from pairings between virulent
auxotrophic strains of the fungus and hypovirulent prototrophic strains done by
Berthelay-Sauret (1973), and later confirmed by Van Alfen et. al (1975).  Transfer of the
hypovirulent trait from the wild-type donor to the mutant recipient eliminated the
possibility of hypovirulence being determined by nuclear factors.
Once the nature of transmissible hypovirulence was shown to be cytoplasmic,
rather than nuclear, virus involvement was suspected.  The first evidence for virus
involvement was provided when extracts from hypovirulent, but not virulent, strains of C.
parasitica reacted with antibody prepared against synthetic dsRNA (Moffitt and Lister,
1975).  Presence of dsRNA in hypovirulent strains implicated a viral component in
hypovirulence because many mycoviruses contain dsRNA as  their genetic material
(Lemke, 1977, Buck, 1986).  However, antibody evidence was only an indirect indication
of the presence of dsRNA.  Direct evidence was provided when cellulose chromatography
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purified dsRNA was extracted from hypovirulent strains (Morris and Dodds, 1979).  A
final piece of physical evidence was the isolation of pleomorphic lipid vesicles containing
dsRNA (Dodds, 1980), and the visualization of these vesicles in hypovirulent hyphae
using electron microscopy (Chmelo, 1981, Newhouse and MacDonald, 1991).
By the mid-1980’s, molecular biology techniques were being applied to the study
of the hypovirulence-inducing cytoplasmic particles.  The relationship of dsRNA in the
hyphal vesicles of hypovirulent C. parasitica strains to the genetic material of the
potyviruses was revealed (Choi et al., 1991, Shapira et al., 1991).  In 1992, Choi and his
co-workers reported the nuclear transformation of virulent strains EP155, EP146 and
NB58-19 with a clonal DNA (cDNA) copy of the dsRNA from hypovirulent strain EP713
(Choi et al., 1992).  The subsequent conversion of these strains to the hypovirulent
phenotype, along with the resurrection of infectious dsRNA in the cytoplasm of the
transformed strains provided the final proof that hypovirulence is caused by the dsRNA.
Today these dsRNA-containing, hypovirulence-inducing agents are classified as
mycoviruses in the family Hypoviridae.  This family contains one genus, Hypovirus, the
type-species is Cryphonectria hypovirus 1-EP713 (CHV1-EP713).  In addition to the
type-species, there two other defined species in the Hypoviridae family, CHV1-EP747
and CHV2-NB58, and one tentative member, CHV3-GH2.
A note should be made here that other, less common,  causes of hypovirulence
have been identified in addition to the Hypoviridae viruses.  Other causes of
hypovirulence include defective mitochondria (Monteiro-Vitorello et al., 1995),
mitochondrial dsRNAs (Polashock and Hillman, 1994), and small, cytoplasmic dsRNAs
not associated with the Hypoviridae viruses (Enebak et al., 1994a, Peever et. al, 1998).
Genomic structure(s)
When dsRNA from the Hypoviridae viruses is visualized on an electrophoresis
gel, see multiple bands of differing sizes are commonly seen, ranging from approximately
12 kb to less than 1 kb in length.  Only the largest dsRNA segment (L-dsRNA) is required
for infection (Choi and Nuss, 1992), the function of the smaller bands, if any, is not
known.  Some the smaller bands appear to be internal deletions of the L-dsRNA, others
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do not seem to be related to the full-length molecule (Hillman, pers. com.).  The number
of smaller satellite bands present can vary.  Sometimes these bands disappear and
reappear in consecutive subcultures and extractions of a single, hypovirus-infected isolate
(Nuss, 1992).
Within the Hypoviridae, genera are distinguished from one another largely on the
basis of the gross genetic structure of the L-dsRNA segment.  CHV1 and CHV2
hypoviruses have two open reading frames (ORFs) on the sense strand of the L-dsRNA
segment, designated ORF A and B.  However, the CHV1 hypoviruses code for a protein
(p29) in ORF A that lacks a homolog in CHV2 (Chen and Nuss, 1999).  In contrast to
CHV1 and CHV2, CHV3 hypoviruses have only ORF B (Hillman et al., 1995).  Figure 1
presents a schematic representation of these differences.
-AAA
ORF A ORF B
p50 p52 p325
p326
ORF B
-AAA
p29
ORF A ORF B
p40 p48 p297
CHV1-EP713
CHV2-NB58
CHV3-GH2
-AAA
Figure 1: Schematic representation of the major differences between hypovirus genera.  Two proteins (p29
and p40) are produced from ORF A of CHV1 hypoviruses, only one protein is produced from ORF A of
CHV2 hypoviruses, CHV3 hypoviruses lack ORF A altogether.
ORF A and ORF B are separated by the unusual pentanucleotide 5’-UAAUG-3’.
The residue triplet on the 5’- end of the pentanucleotide has been shown to act as the
termination codon of ORF A (Choi et al., 1991, Shapira et al., 1991b), and the AUG
triplet proximate to the 3’- end of the strand has the potential to serve as the initiation
codon for ORF B.  Within each ORF, one or more proteins are coded for, depending on
the hypovirus genus in question.  Because the CHV1-EP713 hypovirus genome is well
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studied, and appears to be the most complex of the hypovirus genomes, this discussion
will focus on that genome.  Differences with the other hypovirus genera will be noted.
The 495 nucleotide 5’ noncoding leader sequence of the CHV1-EP713 L-dsRNA
segment contains six codons that have the potential to function as translation initiation
sites.  Each of these six codons is closely followed by one or two termination codons.
The function of this domain may be regulatory; removal of these minicistrons yields a 10-
fold increase in the in vitro expression of downstream sequences (Rae et al., 1989).
Additional evidence for the functional nature of the leader sequence is the presence of
nine similar minicistrons in the CHV2-NB58 leader sequence (487 nt) (Hillman et. al,
1992), and six similar minicistrons in the leader sequence of the CHV3-GH2 genome
(Hillman, pers. com.).
Within both ORFs, proteolytic processing is a fundamental part of the expression
strategy of CHV1-EP713.  A 69-kDa polyprotein is encoded by ORF A, this polyprotein
is autocatalytically processed in vitro to form two proteins, a 29-kDa protein (p29) from
the amino-terminal portion, and a 40-kDa polypeptide (p40) from the carboxy-terminal
portion (Choi et al., 1991).  The catalytic site involved in self-cleavage has been mapped
to the carboxy-terminal end of p29 with the cleavage occurring at the Gly-248/Gly-249
bond.  Amino acid substitution analysis has  shown that the Cys-162 and His-215
residues are essential in the cleavage process (Choi et al., 1991).  The p40 product of this
cleavage may undergo additional post-translational processing in vivo, as indicated by
studies using antisera directed against this domain, (Nuss, 1992).  The p29 product of the
cleavage has been detected in extracts of hypovirulent strain EP713 using western blot
analysis (Rae et al., 1989) and has been demonstrated to have protease activity (Shapira
and Nuss, 1991).  In contrast to CHV1 hypoviruses, the CHV2 hypoviruses do not
produce a p29 homolog, only the 50 kDa protein p50 results from translation of ORF A
(Hillman et al., 1994).  This difference in ORF A is the primary distinction between the
CHV1 and CHV2 genera and has phenotypic consequences, discussed in the following
section.
ORF B also appears to undergo autocatalytic processing, producing a 48 kDa
protein (p48) in CHV1 hypoviruses and a 52 kDa protein (p52) in CHV2 hypoviruses
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from the N-terminal portion of the translated polypeptide.  In both CHV1 and CHV2, the
resultant proteins are considered homologs of a papain-like protease (Hillman et al.,
1994, Shapira and Nuss, 1991).  The site of the cleavage in CHV1-EP713 has been
identified as the Gly-418/Ala-419 bond, the Cys-341 and His-388 residues are essential to
the cleavage process (Shapira and Nuss, 1991).  More recently, the L-dsRNA of CHV3-
GH2, possessing only ORF B, has been examined in detail.  This examination has
revealed the presence of a single long ORF homologous to ORF B in the CHV1 and
CHV2 genomes, with a predicted papain-like protease that is autocatalytically cleaved
from the rest of the polyprotein between a Gly and Thr pair of residues (Hillman, pers.
com.).
Additional similarities between the three hypovirus genera exist in ORF B.  In all
cases, helicase and RNA-dependent RNA polymerase motifs have been identified (Chen
and Nuss, 1999).  These helicase and polymerase motifs are highly conserved between
hypovirus genera and are strikingly similar to the motifs for these enzymes in the
potyviruses (Hillman et al., 1995).  Furthermore, the helicase and polymerase motifs are
found at similar locations in the carboxy-terminal half of ORF B of the hypoviruses
(Hillman et al., 1994), but have been positionally reversed from their locations in the
potyviruses (Hillman et al., 1995, Koonin et al., 1991).  Finally, ORF B is followed by a
noncoding region of  808-851 nt, followed in turn by a polyA tail in all three hypovirus
genera (Chen and Nuss, 1999, Hillman, pers. com.).
Hypovirus effects on C. parasitica
Researchers have used a number of different approaches to investigate the
interactions between hypoviruses and C. parasitica.  Methods used have included
examination of gross morphological and phenotypic differences between fungal colonies
infected with different hypoviruses and isogenic non-infected colonies (Elliston, 1985c,
Enebak, 1992), targeted gene disruption(Gao and Nuss, 1996), protein accumulation
studies (Havir and Anagnostakis, 1983, Powell and Van Alfen, 1987b), and the use of
genetically engineered viral chimeras or deletion mutants (Chen and Nuss, 1999).  In
general, a picture is emerging that suggests products of ORF A affect fungal pigmentation
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and asexual sporulation, and products of ORF B participate in viral replication and
attenuation of fungal growth and sexual sporulation.
The phenotypic consequences of hypovirus infection can range from a severe
reduction in pigmentation, sporulation and growth to no discernible effects on the fungal
host.  Infection by CHV1-EP713 results in colonies that are white in color, with little to
no asexual or sexual spore production and greatly reduced rates of growth (Nuss, 1992).
In contrast, infection by the dsRNA from isolate SR2, a tentative CHV3 hypovirus
(Hillman, pers. com.), does not significantly alter any of these aspects of fungal
morphology (Enebak, 1992).  Intermediary symptomology is induced by the CHV2-NB58
hypovirus, which does not affect pigmentation or asexual sporulation, but does reduce
growth (Hillman et. al, 1992), and by the CHV3-GH2 hypovirus, which also does not
affect pigmentation or asexual sporulation, but reduces growth and sexual sporulation of
its host (Elliston, 1982).
Other traits also distinguish hypovirus-infected cultures from isogenic strains that
are hypovirus-free.  These traits can include reduced levels of laccase activity (Rigling et
al., 1989) and oxalate accumulation on solid media (Havir and Anagnostakis, 1983,
Bennett and Hindal, 1990).  However, Bennett and Hindal (1989) did not find differences
in oxalate accumulation when virulent and hypovirulent strains were grown in liquid
medium.  Powell and Van Alfen (1987b) also reported differences in the accumulation of
certain polypeptides between hypovirus-infected and hypovirus-free strains, and the
reduction of accumulation two poly(A) RNAs, as well as the two- to fourfold increase in
the accumulation of a third poly(A) RNA (Powell and Van Alfen, 1987a).  The down-
regulation of cryparin, a tissue-specific cell surface protein, also has been reported in
hypovirulent strains (Carpenter et al., 1992).  Hypovirus-induced effects on C. parasitica
appear to result from modulation of specific fungal regulatory pathways involved in
nuclear gene expression, as opposed to a general debilitation of the fungal host (Choi et
al., 1995, Gao and Nuss, 1996, Nuss, 1992).
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Distribution and diversity of hypovirus populations
Recent studies have been conducted in order to investigate the incidence and
diversity of hypovirus populations in Asia, Europe and North America (Peever et al.,
1997, 1998, Vannini et al., 1998).  Using immunoblotting and a monoclonal antibody
specific for dsRNA, the overall incidence of dsRNA infection was found to be higher in
eastern North American (28%) (Peever et al., 1997) than in Asian populations of the
fungus (2% in China and 6% in Japan) (Peever et al., 1998).  However, different
subpopulations of North American C. parasitica ranged from 0% to 100% hypovirus-
infected, in China and Japan subpopulations ranged from 0% to 11% and 12% hypovirus-
infected, respectively.  In Europe, the incidence of hypoviruses also is variable.  For
example, Heiniger and Rigling (1994) report that in the region of Viterbo, Italy 59% of
the cankers examined had a healing morphology, with 61% of the isolates from these
cankers exhibiting the hypovirulent phenotype in vitro.  This contrasts with Sicily, where
only 28% of the cankers examined appeared to be healing or healed, and Calabria, where
this figure was 38%.
Different hypoviruses debilitate C. parasitica to different degrees, therefore a
more complete picture requires knowledge of the types of hypoviruses infecting
populations of the fungus.  Hybridization studies have started to provide this information.
dsRNAs from the two confirmed (CHV1 and CHV2) and one tentative (CHV3)
hypovirus genera do not readily cross-hybridize with each other or with dsRNAs from
isolates SR2 from Maryland, NB631 from New Jersey, or the reovirus-like dsRNA in
isolate C-18 (Peever, 1997).  This allows probes specific for each type of dsRNA to be
developed, then used to identify the type(s) of dsRNA present within fungal populations.
Using hybridization, the SR2-type hypovirus was found to be “common and
widespread” in eastern North America, two other hybridization groups, CHV3 and
NJ116-1 were much more limited geographically (Peever, 1997).  Occasionally,  mixed
infections of two different types of hypoviruses within a single isolate occasionally were
found.  One other result was that no CHV2-type hypoviruses were detected, although
fungal populations from the immediate vicinity where this hypovirus was originally found
were sampled.  In Europe, only CHV1-type hypoviruses have been detected (Heiniger and
Rigling, 1994, Vannini et al., 1998).  When Asian populations of C. parasitica were
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screened using cross-hybridization, CHV1- and CHV2-type hypoviruses were found,
along with two smaller dsRNAs that did not appear to be similar to any other dsRNAs
that have been described (Peever, 1998).
These results indicate that hypovirus (and other dsRNA) infections are a common
feature of C. parasitica populations.  However, no one hypovirus hybridization group is
universal in distribution, and the level of incidence of hypovirus infection varies between
different populations and sub-populations of the fungus.
Co-Evolution
General Overview
In epidemiological and co-evolutionary literature, the concept that pathogens tend
to evolve attenuated virulence after long-term association with their hosts has been called
the “conventional wisdom” (Nowak and May, 1994).  Early models that examined
virulence, reproductive rate, and rate of transmission to new hosts predicted that when the
rate of transmission to new hosts is limited, an evolution of reduced virulence will occur
(May and Anderson, 1983).  An examination of the equation proposed by May and
Anderson (1983) for the net reproductive rate of a directly transmitted parasite introduced
into a completely susceptible host population illustrates this point:
Ro = [βN] ÷ [α + b + v].
Ro - net reproductive rate of parasite
β - rate parameter for transmission
N - density of hosts
α - rate of parasite-induced mortality
b -rate of parasite-independent mortality
v - rate of recovery of infected hosts
Selection in the parasite population would act to maximize Ro.  By either
increasing β (rate of transmission), or decreasing α or v (parasite-induced mortality and
recovery, respectively), an increase in Ro is achieved.  If β, α, and v are completely
independent, then selection should eventually produce a highly transmissible, avirulent
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parasite.  Evidence from two well-studied pathosystems, the myxoma virus and the
lepidopteran nuclear polyhedrosis viruses, supported this type of model.
Myxoma viruses were introduced to Australia to control European rabbits
(reviewed in Fenner and Myers, 1978) whose population levels had increased to the point
where their burrowing and feeding were causing severe ecosystem damage.  The myxoma
virus, a natural pathogen of South American rabbits, was introduced in the late 1950’s as
a control agent.  When first released the virus caused nearly one hundred percent
mortality of infected rabbits.  Over a relatively brief period of time, less virulent strains of
the virus that did not kill the rabbits were found to be increasing in number.  At the same
time, such intense selective pressure was placed on the rabbit population that the average
level of resistance to myxoma virus in the rabbit population increased.
Nuclear polyhedrosis viruses provide another example where virulence is clearly
related to the rate of successful transmission (May and Anderson, 1983).  Nuclear
polyhedrosis viruses are baculoviruses which are directly transmitted to new hosts by
inclusion bodies, formed by the insect and containing virus particles.  These virus-
containing inclusion bodies are released into the environment when the caterpillar dies;
the number of  occlusions released is dependent upon the time the elapses between initial
infection and host death.  Thus, there is a balance created between the number of
inclusion bodies produced and the amount of time an infected host lives.  If the caterpillar
is killed too quickly, the maximum number of inclusion bodies will not be produced.
This creates an evolutionary pressure on the virus population toward moderate levels of
virulence.
Hypoviruses: adding a third element
Early models describing the evolution of virulence did not account for a common
phenomenon, namely, parasitism of the primary parasite by a secondary parasite
(hyperparasitism).  In fungi, cytoplasmic dsRNAs (e.g. hypoviruses in C. parasitica and
the d-factor of Ophiostoma ulmi (senso latto)(Brasier, 1986)) are a common form of
hyperparasitism (Brasier, 1998, Buck, 1986).  Infection by hyperparasitic dsRNAs often
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reduces the virulence of pathogenic fungi (Nuss and Koltin, 1990), imitating an
evolutionary reduction of virulence.
  New models that describe the interactions of hosts, parasites and hyperparasites
have been proposed.   One such model, developed by Holt and Hochberg (1998), is
derived from food chain dynamics.  These authors recognize several important
similarities between host-parasite-hyperparasite systems and food chains.  In both systems
energy and nutrients flow from a basal resource (the host or primary plant producer) to an
ultimate consumer (the hyperparasite or top-level carnivore).  Higher trophic levels
depend on lower levels for resources, simultaneously influencing the size and structure of
lower level populations through predation and disease.  This influence can lead to regular
patterns of community population structure.  Another similarity between the two systems
is that if parasites negatively impact the density and distribution of their hosts,
hyperparasites may mitigate this effect.  Predators can have a similar effect by reducing
their prey’s impact on species lower in the food chain.
Analysis of Holt and Hochberg’s model indicates that hyperparasitism will be
stable only in systems where the size of the host population has a high intrinsic rate of
increase.  The model also predicts that hyperparasitism may stabilize or destabilize the
host population.  If the host does not have too large an intrinsic rate of increase, and the
hyperparasite does not have too large an infection rate, relative to the primary parasite,
the hyperparasite can act to stabilize the host population.  However, when the net intrinsic
loss rate of hosts that harbor both parasites and hyperparasites (by death and recovery
from infection) divided by the contribution of similarly infected hosts  to the susceptible
fraction of the host population (by births and recoveries) is less than one, the presence of
a hyperparasite is always destabilizing.
Another model for the evolutionary dynamics of hyperparasites has been proposed
by  Taylor et al. (1998).   Several features of this model make it pertinent to the chestnut
blight pathosystem.  A relationship between pathogen virulence and transmission is
assumed in the model, allowing an exploration of how these properties are influenced by
hyperparasitism.  Specifically, the model assumes that hyperparasite infection of the
primary parasite reduces virulence and transmission in the primary parasite.  Both
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horizontal (host-to-host) and vertical transmission (to host progeny) of the hyperparasite
are possible in the model.  In addition, the hyperparasite is assumed to have no means of
surviving or spreading outside its host.  A final feature of the model is the incorporation
of density-dependent effects on host fecundity (i.e. the relative density and fecundity of
uninfected, virulent pathogen-infected and hyperparasite/pathogen-infected hosts),
allowing an examination of the influence of hyperparasitism on host recovery.
Briefly stated, the model developed by Taylor et al. predicts that if selection
favors an increase in the virulence of the pathogen, hyperparasites will reduce the fitness
of that pathogen.  Selective pressure is then placed on the hyperparasite to debilitate the
pathogen to a lesser extant.  Conversely, when selection favors reduced pathogen
virulence, the presence of hyperparasites can relieve that selective pressure, benefiting the
pathogen, rather than the host.  The net effect is that the most effective hyperparasites for
use as biological controls of plant pathogens should have a high component of horizontal
transmission, and the ability to reduce pathogen virulence enough to allow host recovery,
but not so much that highly virulent pathogens strains can persist.
An elaboration of their model also allowed Taylor et al. to examine the conditions
under which a mutant hyperparasite can invade a system in which a hyperparasite has
already spread to fixation within a host population.  The model predicts that a mutant
hyperparasite “will invade only when it allows a higher rate of transmission by its
pathogen host”.  This has two important consequences.  First, evolution will tend to
produce hyperparasites that minimize their negative effects on the pathogen.  Secondly,
an evolutionarily stable strategy results only when the optimum transmission rate for the
invading hyperparasite is identical to that of the resident hyperparasite.
Taylor et al. conclude by relating their findings to the chestnut blight pathosystem.
They state that because selection will tend to minimize the debilitating effects of
hypoviruses on C. parasitica, hypoviruses can invade fungal populations without causing
a recovery of the tree population.  Unfortunately, once established, populations of  non-
debilitating hypoviruses may be resistant to invasion by hypoviruses that are more
effective as biological control agents (Taylor et al., 1998).  The model also suggests that
high levels of vegetative compatibility diversity need not prevent the spread of
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hypoviruses, given sufficient time and some non-zero level of horizontal spread.
However, the hypovirus cannot be too debilitating to the fungus, and furthermore, the less
debilitating the hypovirus is, the more readily this spread will occur.
The dynamics governing the interrelationships of chestnuts, C. parasitica, and
hypoviruses are complex.  Mathematical models descriptive of the system are emerging.
However, neither the effects of host and pathogen recovery, nor host resistance, nor the
consequences of multiple pathogen or mixed hypovirus infections have been adequately
addressed.  None-the-less, current models are becoming more accurately descriptive of
the empirical evidence, and are increasingly valuable tools in the study of the chestnut
blight pathosystem.
Evolution of RNA Viruses
Repeated attempts to utilize hypoviruses as biological control agents for chestnut
blight in North America have failed.  However, in Europe, the combined results of natural
dissemination of these mycoviruses and intentional introductions have allowed the
recovery of the European chestnut industry, although blight remains a major problem.
Differences between the European and North American situations exist including climate,
a slightly higher level of host resistance in European compared to American chestnuts
(Graves, 1950), and a higher level of vegetative compatibility group diversity in the North
American population of the fungus (Anagnostakis et al., 1986).  The differences in the
European and North American pathosystems may create different evolutionary pressures
on the hypovirus populations found on each continent.
RNA viruses, including Hypoviridae, are thought capable of rapid evolution, with
divergence rates at the nucleotide level estimated to be as large as one million times that
for eukaryotic DNA (Strauss et al., 1991).  This high mutation rate arises from several
mechanisms, including the lack of proofreading abilities in most RNA polymerases,
reassortment of segmented genomes, and, to a limited degree, recombination  (Strauss et
al., 1991).  The inherent error frequency of RNA polymerases is in the neighborhood of
one error per one thousand bases, and this, in combination with the large number of
replication cycles in a given period of time leads to the rapid development of novel genes
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(Kilbourne, 1990).  Recombination is thought to be a rare event in RNA viruses because
eukaryotic cells generally do not possess RNA “recombinases” and because the viruses
themselves do not code for enzymes that facilitate efficient RNA recombination.
Nevertheless, recombination has been demonstrated in vitro and in vivo, and has been
observed in all groups of RNA viruses (Strauss et al., 1991,).
A large number of unique RNA virus genomes, arising from mutations, can be
present in a given cell at one time (Holland et al., 1982).  Therefore, mutations that are
deleterious under existing conditions may be masked by the presence of other “normal”
individuals present in the host cell until a shift in conditions favors that particular
mutation (Kilbourne, 1991).  This allows a pre-existing catalog of viral genomes to
develop, enabling an RNA virus population to adapt to changing conditions rapidly.  The
ability to adjust to new conditions may play a role in the chestnut blight-hypovirus
pathosystem in North America.
Study Objectives
The ideas that Hypoviridae viruses are capable of rapid evolution, and that the
high diversity of vegetative compatibility groups in North American populations of the
fungus presents a significant barrier to hypovirus transmission, creating selective pressure
towards reduced virulence, form the basis of the central hypothesis being tested in this
study.  The hypothesis is that when highly virulent strains of hypoviruses are released into
fungal populations where successful hypovirus transmission is low due to high VC group
diversity, only less debilitating (less virulent) strains of the hypovirus will survive.
To explore the hypothesis, plots in Kentucky and West Virginia where isolates
containing hypoviruses were released in the late 1970’s and early 1980’s were revisited in
1994.  Isolates containing dsRNA were recovered from cankers that were either of
sunken, virulent or swollen, hypovirulent type (MacDonald, pers. com.).  In contrast to
the released hypoviruses, the recovered hypoviruses dsRNA hybridized only to the
dsRNA in CHV3-GH2 and in SR2 (Milgroom, pers. com.), and did not cause definitive
changes in growth rate and morphology in vitro.  Another facet of this study developed
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when it was found that many of the recovered isolates and two of the release isolates
included in this study contained mixed infections of GH2- and SR2-type hypoviruses.
This necessitated “separating” the two hypoviruses in these isolates in order to investigate
their effects on fungal virulence.  Isolate “families” of SCP were created to investigate the
virulence-affecting consequences of mixed infections, the second objective of this study.
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Methods and Materials
The direction of this research project was shaped by a number of unanticipated
events.  This introductory overview has been included to provide a clearer understanding
of how the project progressed.
The study was initiated with of the recovery of hypovirus-infected isolates from
sites in Kentucky and West Virginia where isolates containing hypoviruses had been
deployed in the late 1970’s and early 1980’s.  The recovered isolates did not exhibit the
pigmentation differences and morphological abnormalities usually associated with
hypovirus infection, even though some had been recovered from apparently non-lethal
cankers.  The recovered isolates were screened using a hybridization protocol in the
laboratory of Dr. Michael Milgroom (Cornell University).  The hybridization assays
determined that seven of the recovered isolates contained a GH2-type hypovirus.  These
“parent”  isolates were provided to me for use in this study.  From them I generated single
conidial isolates (SCI) , and used electrophoresis to identify hypovirus-free SCI.  In this
paper I will refer to SCI as single conidial progeny (SCP) to emphasize the relatedness
among isolates derived from the same parent.  A preliminary field experiment (termed the
Fall-96 field experiment) was conducted to compare the growth and amount of stromata
formed by the two hypovirus-infected parent isolates (SG3-2 and KY11) to their
hypovirus-infected and hypovirus-free SCP.  This experiment was initiated in the Savage
River State Forest in Maryland on October 15th, 1996.
The first problem was encountered after the Fall-96 field experiment had been
started.  Further hybridization studies of dsRNAs from the recovered isolates revealed
that all except KY11 were not only infected with a GH2-type hypovirus, but also
contained an SR2-type hypovirus.  Isolates EP60, EP90 and EP93, used to originally
release hypoviruses, also were examined.  EP93 was found to be doubly infected as well.
The discovery of double infections marked the beginning of the second phase of this
study.  The possibility existed that interactions between the two hypovirus types might
alter their performance.  To account for that possibility, SCP that were double-infected,
30
infected with each hypovirus alone, and hypovirus-free had to be developed from each
doubly infected parent isolate.  To do so, I derived sixty SCP from each parent culture.
These cultures were sent to Cornell University to identify, by hybridization assays,
“families” of SCP containing each possible infection state.  This hybridization work was
completed in late September, 1997.
The design of the Fall-96 field experiment created a second problem.  Infected and
non-infected isolates were inoculated to separate sets of stems to limit the chances of
hypovirus transmission among the isolates.  This led to statistical objections, due to
possible stem effects on the growth and sporulation of C. parasitica.  To eliminate stem
effects as a variable, isolates had to be randomly assigned to stems in subsequent
experiments. Therefore, during the summer of 1997, I investigated vegetative
compatibility (VC) reactions among the isolates to evaluate the risk of hypovirus spread.
These tests indicated that each parent isolate belonged to a separate vegetative
compatibility group, except isolates EP60 and P1-3-1-3, which were similar to only each
other.  These results indicated that the risk of hypovirus movement among isolates would
be low, thus allowing random assignment of isolates to stems in subsequent experiments
with a minimal chance of hypovirus movement.
A second field experiment (Fall-97 field experiment) was established in the
Savage River State Forest on October 15th, 1997.  This experiment was designed to fulfill
two objectives.  The first was to evaluate the virulence of the released and recovered
hypoviruses, and the second was to investigate the consequences of double infections in
those isolates with this trait.  Based on the results of the hybridization work done at
Cornell University, I selected families of SCP derived from each parent isolate that were
non-infected, infected with each hypovirus alone, and infected with both hypoviruses
together. Some of the parent isolates (EP60, EP90, KY11, GH2 and SR2), were infected
with only a single hypovirus.  These families were represented by only two infection
states, hypovirus-infected and non-infected.
For clarity, specific SCP within isolate families will be referred to in the following
manner; the name of the parent isolate will be followed by a bracketed designation of the
infection state of the SCP.  Within the brackets, [vf] designates an SCP that is hypovirus-
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free, [gh2] or [sr2] designate infection with only a GH2- or SR2-type hypovirus,
respectively, and [gh2+sr2] designates infection with both hypovirus types.  For example,
the hypovirus free SCP derived from SG3-2 will be referred to as SG3-2[vf], and the
double infected SCP derived from P1-3-1-3 will be called P1-3-1-3[gh2+sr2].  Because
the hypoviruses infecting isolates GH2 and SR2 have been formally described in the
literature, the formal rules of nomenclature (Hillman et al., 1995) will used with these
two isolates, so the hypovirus-free SCP of GH2 will be referred to as GH2-6 and the
infected parent isolate will be referred to as GH2[CHV3-GH2].
Unfortunately, when Fall-97 field experiment inoculations were examined on
April 15th, 1998, approximately half had failed to produce expanding cankers.  This
necessitated repeating the experiment.  The final field experiment (Spring-98 field
experiment) was conducted in the Monongahela National Forest near Parsons, West
Virginia.  The experiment was started on June 15th, 1998 using the same set of SCP
developed for the second field experiment.  Data on the growth and stromata formation of
the cankers in this final experiment were collected several times during the summer and
fall of 1998.  Once the final set of observations were made, isolations of C. parasitica
were made from a subset of the cankers.  The resultant cultures were examined using the
hybridization protocol at Cornell University to determine if they were infected with
hypoviruses present when the cankers were initiated.  During the winter of 1997-98, I also
examined the  in vitro morphology and conidiation of the isolate families to complement
the data from the field experiments.
The re-isolation and hybridization work marked the conclusion of my
investigation.  In the following sections I detail the isolates, equipment and
methodologies used in each component of my study.
Source of Isolates
The isolates used in this study were recovered in 1994 and 1995.  Except for
KY11, which is from Kentucky, the recovered isolates were from previous hypovirus
release sites near Sugar Grove, West Virginia.  KY11 also is from a previous hypovirus
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release site, and was provided by Dr. Tobin Peever.  Three isolates used to release
hypoviruses in the late 1970’s and early 1980’s (EP60, EP90 and EP93), along with the
isolates EP155, GH2, GH2-6, SR2, and SR2-6, used for comparison, were from the
collection maintained in the laboratory of Dr. William MacDonald at West Virginia
University (see Table 2 for a list of the isolates used).  All isolates and SCP used in this
study, except GH2, GH2-6, SR2 and SR2-6, were screened for hypovirus infection status
in the laboratory of Dr. Michael Milgroom at Cornell University and subsequently
provided to me by him.
Table 2:  Parent isolates used in this study.  Column 2 indicates the place of origin of the isolate, column 3
indicates the researcher who originally isolated  and/or provided the isolate for use in this study, column 4
indicates the reason for inclusion in this study, column 5 indicates the hypovirus(es) infecting the isolate,
column 6 indicates the field experiment(s) in which the isolate and/or SCP derived from the isolate was
used.
Isolates Used in Study
Name Original Location Provided or Isolated By Reason Included Infection State Field Experiment(s)
EP60 Michigan Dr. Dennis Fulbright Release isolate gh2 1997, 1998
EP90 Michigan Dr. Dennis Fulbright Release isolate gh2 1997, 1998
EP93 Michigan Dr. Dennis Fulbright Release isolate gh2, sr2 1997, 1998
SG3-2 West Virginia Dr. Michael Milgroom Recovered isolate gh2, sr2 1996, 1997, 1998
SG7-1 West Virginia Dr. Michael Milgroom Recovered isolate gh2, sr2 1997, 1998
SG40-1 West Virginia Dr. Michael Milgroom Recovered isolate gh2, sr2 1997, 1998
P1-3-1-3 West Virginia Kris Phares Recovered isolate gh2, sr2 1997, 1998
P1-5-4-8 West Virginia Kris Phares Recovered isolate gh2, sr2 1997, 1998
KY11 Kentucky Dr. Tobin Peever Recovered isolate gh2 1996, 1997, 1998
GH2 Michigan Dr. Dennis Fulbright Control isolate [CHV3-GH2] 1996, 1997, 1998
SR2 West Virginia Dr. Scott Enebak Control isolate SR2 1996, 1997, 1998
EP155 Connecticut Dr. Jack Elliston Control isolate Virus-free 1996, 1997, 1998
MI4 Michigan Dr. Tobin Peever Control isolate gh2 1996
Identification of Hypovirus Infected Isolates
Initially, an immunoblot procedure was used to screen the recovered isolates for
hypovirus infection.  Immunoblot screening of isolates was performed in the laboratory of
Dr. Michael Milgroom at Cornell University, Ithaca, New York.  The procedure followed
has been described by Peever et al. (1997).  In brief, a monoclonal antibody specific for
the structure of dsRNA, but not a specific sequence, was allowed to bind to total nucleic
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acid samples that had been extracted from lyophilized mycelia, separated on an agarose
gel, then transferred to a nylon membrane by capillary blotting.  Subsequent treatment
with a second antibody allowed detection of the dsRNA by chemiluminescent exposure
of X-ray film.  Development of the X-ray film revealed the presence of dsRNA as
discrete bands or dark smears.  Isolates determined to be hypovirus-infected were then
sent to me (see Table 2 for details of isolates included, and infection states as finally
determined by hybridization).
Development of Single Conidial Progeny
Investigating the effects of hypoviruses on their host isolates requires isogenic
cultures that do and do not contain the hypovirus(es).  This was accomplished by
screening single conidial progeny for the presence of hypoviruses.  This is possible
because hypoviruses are not always transmitted to conidia in C. parasitica.  Differences
in growth rate, sporulation and morphology between SCP derived from a single parent
isolate, but with different hypovirus-infection states, then could reliably be ascribed to the
presence or absence of the hypovirus(es).  Details of the process of developing SCP are as
follows.
Parent cultures were maintained in slants at 2O C.  Subcultures of the parent
isolates were grown by aseptically transferring small pieces of agar and mycelium from
the slants to Petri plates containing approximately 25 ml of PDA.  Colonies were allowed
to grow for 5-7 days.  The surface of each colony was scraped with a sterilized, stainless
steel “spear” to harvest conidia.  The spores collected from each colony were placed in
separate 50 ml test tubes containing 10 ml of sterile 0.1% peptone broth solution.  The
tubes were vortexed to suspend the spores.  The conidial suspensions were serially diluted
to a concentration of 10-7, relative to the original suspension.  Petri plates containing 25
ml of GYE2A medium were inoculated  with 10-4, 10-5, 10-6, and 10-7 spore suspensions,
using a sterile, bent glass rod to spread 0.5 ml of each concentration over the surface.
Petri plates inoculated with the serially diluted spore suspensions were incubated for
approximately 48 hours at 200 C.  After this time period, single conidial colonies were
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transferred to individual Petri plates containing 25 ml of PDA by using a scalpel while
examining the plates under a dissection microscope.  The resultant colonies were retained
and screened for the presence or absence of hypoviruses using electrophoresis (by myself)
or hybridization (at Cornell University).
Two series of SCP were developed during my study.  The first series of SCP was
developed before it was known that many of the recovered isolates were double-infected.
I screened these SCP for the presence or absence of hypoviruses by electrophoresis.  SCP
used in the Fall-96 field experiment were selected from this first screening.  The second
series of SCP was developed during the summer of 1997, after the discovery of the
double-infection status of the West Virginia isolates and EP93.  Sixty SCP derived from
each parent isolate in Table 1, except MI4, were then sent to Cornell University to be
screened by hybridization to identify SCP for use in the Fall-97 and Spring-98 field
experiments, as well as the in vitro morphology and growth experiments.
Electrophoresis to Identify Hypovirus-free Single Conidial Progeny
 I used electrophoresis to discriminate between SCP that did or did not contain
dsRNA, primarily for use in the Fall-96 field experiment.  The procedure used to extract,
purify, and visualize hypovirus dsRNA by electrophoresis was a modification of that
described by Morris and Dodds (1979). Appendix 3 details the protocol I followed.  In
brief, hypovirus dsRNA was extracted using a phenol/chloroform mixture.  The dsRNA
was then purified by cellulose chromatography.  RNAse-free DNAse was used to further
purify the dsRNA.  The samples were loaded on a 1% agarose gel containing ethidium
bromide, then separated in a 100mV field for approximately 2 hours.  The presence of
dsRNA was then detected by examining the gel under UV light and Polaroid
photographs were taken as a permanent record of the results.
Fall-96 Field Experiment
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This study was designed to compare the virulence of the recovered isolates KY11
and SG3-2 to SCP derived from these isolates that did and did not contain hypoviruses,
and to a number of isolates included as standards for comparison (EP155, MI4[CHV3],
MI4, GH2[CHV3-GH2], GH2-6, SR2[SR2], and SR2-6).  The growth and stromata
formation of the parent isolate, one or two hypovirus-infected SCP, and two hypovirus-
free SCP within each isolate family were compared to each other.  See Table 3 for all
isolates included in this experiment.
A total of 24 American chestnut stems, free from natural C. parasitica infections,
and ranging from 5-15 cm dbh, were used in this experiment.  These stems were located
off Lower New Germany Road, in Garrett County, Maryland.  Each stem was flagged
with brightly colored ribbon and numbered.  Inoculation sites were labeled using a yellow
paint stick and were spaced at 30 cm intervals in a spiral around the stem.  The 24 stems
were divided into two subsets, the twelve stems within each subset were further
subdivided into six pairs.  The 18 isolates in the experiment also were divided into two
subsets, each subset contained either the nine hypovirus-infected or nine hypovirus-free
isolates.  Each pair of stems was inoculated with all nine isolates within an isolate subset.
Five inoculations were made on one stem in each pair, and four on the other, giving a
total
Table 3:  List of isolates used in the Fall-96 field experiment.  GH2-6, SR2-6 and EP155 were obtained
from the isolate collection maintained in our laboratory at West Virginia University.
Isolates Used in the Fall-96 Field Experiment
           Hypovirus-infected Isolates:        Hypovirus-free Isolates
SG3-2 (Parent) SG3-2 (SCP # 1)
SG3-2 (SCP # 6) SG3-2 (SCP # 2)
SG3-2 (SCP # 7) KY11  (SCP # 1)
KY11 (Parent) KY11  (SCP # 3)
KY11 (SCP # 4) MI4     (SCP # 2)
MI4    (Parent) MI4     (SCP # 4)
MI4    (SCP # 1) GH2-6
GH2   (Parent) SR2-6
SR2    (Parent) EP155
of six repetitions for each isolate.  Isolates were randomly assigned to stems and positions
on each stem within each stem pair.  Because the vegetative compatibility of the isolates
was not known, this experimental design was used to minimize concerns about hypovirus
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transmission between infected and non-infected isolates in the same family via conidia
washing down the stem.
Inoculations were made by using a 7 mm leather punch  to remove a plug of bark
to the depth of the cambium.  The resultant wounds were filled with plugs of PDA and
mycelium that had been aseptically punched from actively growing cultures of the test
isolates.  Plugs of mycelium and medium were covered with masking tape to prevent
desiccation.  Data were collected at approximately two-month intervals, starting in mid-
May of 1997.  The latitudinal and longitudinal dimensions of each canker were measured
in centimeters, and the relative amount of stromata formed per square centimeter of
canker was visually estimated on a scale of one to four.  One indicated that no stromata
were visible, four indicated large, abundant stromata.  Canker area was determined using
the formula for an ellipse ({(½(width + height)/2)2)π}), since chestnut blight cankers tend
to be nearly elliptical in shape.  Areas of cankers for each test isolate were averaged, as
were the estimates of stromata formation.
Hybridization Studies
Hybridization studies at Cornell University were conducted numerous times
during the course of this investigation.  The hybridization procedure was able to readily
distinguish between infection with GH2-type hypoviruses and/or SR2-type hypoviruses,
and the hypovirus-free state.  Initially, hybridization was used to identify the infection
state of the release and recovered isolates; discerning between isolates that were double-
infected or infected with a GH2- or SR2-type hypovirus alone.  Hybridization next was
used to identify SCP of the parent isolates that were double-infected, infected with each
hypovirus type alone, and non-infected in preparation for the Fall-97 field experiment.
Lastly, hybridization was used at the conclusion of the Spring-98 field experiment to
identify the infection state of the cultures re-isolated from a subset of the cankers in the
experiment.
Using hybridization to distinguish between infection states was necessary because
the largest dsRNA bands of GH2- and SR2-type hypoviruses are nearly identical in size
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and thus migrate together during electrophoresis (Peever et al., 1997).  GH2-type
hypoviruses typically are  higher titer than SR2-type hypoviruses, and therefore
overwhelm the fainter signal from the SR2-type hypovirus.  Therefore, electrophoresis
methods are incapable of accurately distinguishing between an isolate singly infected with
a GH2-type hypovirus and an isolate doubly infected with both a GH2-type hypovirus and
an SR2-type hypovirus.
The hybridization procedure followed is described by Peever et al. (1997).  In
brief, dsRNA was extracted and purified from the test isolates, separated by
electrophoresis in an agarose gel and transferred by capillary blotting to nylon membrane.
The nylon membrane was then sequentially probed with purified dsRNA from CHV1-
EP113, CHV1-EP43, CHV2-NB58, CHV3-GH2, and SR2.  Probe dsRNA was end-
labeled with 32P ATP.  Hybridization was allowed to proceed overnight, the nylon
membrane was then rinsed and exposed to X-ray film.
Vegetative Incompatibility Test
Isolates included in the study were tested for vegetative compatibility to determine
if hypovirus transmission was likely to occur among different isolate families occupying
the same stem in the Fall-97 and Spring-98 experiments.  Vegetative incompatibility was
tested using the procedure described by Anagnostakis (1986), except the PDA was
amended with bromcresol green, tannic acid, malt extract and yeast extract (Appendix 1).
The bromcresol green medium allows easier detection of barrage lines.  All isolates were
reciprocally paired, and the experiment was repeated twice.  Isolates were considered
incompatible if a barrage line formed between paired isolates.
Fall-97 Field Experiment
The second field experiment was designed to fulfill two objectives.  The first
objective was to compare the effects the released and recovered hypoviruses had on the
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virulence of their host isolates.  The second objective was to examine the virulence-
affecting interactions between hypoviruses in the isolates containing mixed infections of
GH2- and SR2-type hypoviruses.  SCP “families” derived from the three release, five
recovered and three standard comparison isolates were used (Table 4).  To conduct this
experiment, additional American chestnut stems in the Savage River Forest, larger than 5
cm diameter at breast height, and free from natural infection by C. parasitica, were
identified.  Each stem was marked with brightly colored ribbon, then numbered, and five
inoculation sites spaced at 30 cm intervals were marked with a yellow paint stick.
Test isolates were randomly assigned to stems and inoculation positions on each
stem, except that isolates different within the same family were not assigned to a given
stem in order to minimize the chance of hypovirus transmission among isolates of
differing infection state within a family.  However, identical infection states within a
family could be
Table 4:  Isolates used in the Fall-97 and Spring-98 field experiments.  X in a cell indicates that an SCP
representing the indicated infection state was included in the Fall, 1997 and Spring, 1998 field studies.  A
single asterisk next to the isolate indicates a release isolate, a double asterisk indicates a recovered isolate, a
triple asterisk indicates an isolate included as a standard for comparison.
Fall, 1997 and Spring, 1998 Field Experiment Isolates
Parent Isolate Infection State
Virus-free GH2-type Only SR2-type Only GH2 + SR2
EP60* X X
EP90* X
EP93* X X X
SG3-2** X X X X
SG7-1** X X X X
SG40-1** X X X X
P1-3-1-3** X X X X
P1-5-4-8** X X
KY11** X X
GH2*** X X
SR2*** X X
EP155*** X
placed on the same stem.  On October 15, 1997, inoculations were performed as
described for the Fall, 1996 experiment.  Each inoculation site was labeled to indicate the
isolate occupying that position.  Eight replicate inoculations for each of the 31 isolates
included in the study were made.
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Beginning April 15th, 1998, the latitudinal and longitudinal dimensions of each
canker were measured.  As in the Fall-96 field experiment, stromata formation per
squarecentimeter of canker area was visually estimated, however, a scale of zero to four
was adopted to give a more accurate description of the sporulation of each isolate.  Zero
indicated that no stromata were evident, four indicated that the canker bore large,
abundant stromata.  As mentioned in the overview of this section, approximately half the
inoculations failed to produce expanding cankers.  Nonetheless, data were collected at
approximately eight-week intervals throughout 1998.  For each data collection period, the
area of each canker was calculated using the formula for the area of an ellipse,  and the
canker areas and sporulation data for each isolate in the study were averaged.  Data for
each isolate family were treated as a separate experiment, but the limited number of
repetitions precluded statistical analysis of the data.  The only comparisons made were
between the Fall-97 and Spring-98 experiments for isolate families KY11, GH2 and SR2.
Spring-98 Field Experiment
The third field experiment was necessary because a large number of the
inoculations in the Fall-97 field experiment failed to result in cankers.   This final
experiment was initiated June 15th,  1998 at a plot located on Forest Service access road
933 in the Monongahela National Forest, five miles south of Parsons, West Virginia.  As
with the previous field studies, blight-free stems larger than 5 cm in diameter were
located, flagged, and numbered with a yellow paint stick.  Following the protocol
described for the Fall-97 field experiment, the 31 isolates included in that experiment
were randomly assigned to stems and positions on each stem.  As before, there were eight
replicate inoculations made for each isolate.  Data were collected August 14th, October
2nd and November 4th, 1998, and handled as previously described.  Each isolate family
was treated as a separate experiment.  The data for EP155 were analyzed with each
family.  Statistical analysis was done by using JMP IN 3.2.1 (SAS Institute) to calculate
the Tukey-Kramer Honestly Significant Difference between all pairs of isolates within
families (including EP155).  The data also were analyzed using the General Linear
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Models procedure (SAS Institute) to determine if there were significant interactions
between the GH2-type and SR2-type hypoviruses in the double-infected isolates.  These
analyses were performed on the data for canker size and stromata formation.
To verify that cankers retained the infection states with which they were initiated,
mass mycelial isolates were obtained from a random selection of cankers during
December, 1998 and January, 1999.  These isolates were screened for infection state by
hybridization at Cornell University.
In Vitro Morphology and Growth
To augment the data from the Fall-97 and Spring-98 field experiments, the
morphology and growth of the 31 isolates employed were examined in vitro during
January and February, 1998.  Stock cultures of the isolates were retrieved from storage,
and aseptically transferred to Petri plates containing 25 ml of PDA medium.  Sub-cultures
were grown at 20o C for five days under a 16:8 light:dark photoperiod.  At the end of five
days, small pieces of mycelium and agar, approximately 1 mm square were transferred to
Petri plates containing exactly 25 ml PDA.  Three or four plates of each isolate were
inoculated in this fashion in two replicate experiments, respectively.
All plates of each isolate were examined daily for one week.  Each day the size of
the colonies was measured and recorded in millimeters.  Measurements of each colony
were made in two directions at 90 degrees to each other.  On day seven, photographs were
taken of all plates.  Colony diameters were averaged and statistical comparisons between
SCP within each isolate family were made using JMP IN 3.2.1 to calculate Tukey-
Kramer’s Honestly Significant Differences.
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Results
Fall-96 Field Experiment
Development of single conidial progeny:
I used electrophoresis to determine the presence or absence of dsRNA in SCP
derived from each of the recovered isolates.  I was able to identify two hypovirus-free
SCP from the recovered isolates SG3-2 and KY11 by examining a total of eight SCP
from each of these two parent isolates (Table 5).  SCP from the other recovered isolates
(SG7-1, SG40-1, P1-3-1-3 and P1-5-4-8) and one of the release isolates (EP93) also were
examined.  Up to 48 SCP from each were screened.  I identified only one non-infected
SCP derived from isolate SG40-1, and unable to identify any hypovirus-free SCP of
SG7-1, P1-3-1-3 and P1-5-4-8.  These isolates were not included in this field experiment.
In addition, I also examined four SCP derived from isolate MI4, two of the four SCP
were hypovirus-free.  Isolate MI4 was infected with a GH2-type hypovirus and included
in the experiment as a standard for comparison.  Table 5 lists the isolates, the number of
SCP screened by electrophoresis, and the number of hypovirus-free SCP that were
identified.
In addition to the hypovirus-free SCP, two hypovirus-infected SCP of SG3-2, and
one hypovirus-infected SCP of KY11 and MI4 were selected for the experiment.  Isolates
Table 5:  Isolates screened by electrophoresis in preparation for the Fall, 1996 field experiment.  Column 1
lists the isolates examined, column two is the number of SCP screened, column three shows the number of
hypovirus-free SCP that were identified.
Electrophoresis Results
Isolate # of SCP Screened # of Hypovirus-free SCP
KY11 8 2
SG3-2 8 2
SG7-1 32 0
SG40-1 16 1
P1-3-1-3 16 0
P1-5-4-8 32 0
MI4 4 2
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EP93 48 0
GH2[CHV3-GH2], GH2-6, SR2[CHV3-SR2], SR2-6 and EP155 were included as
standards for comparison.  These isolates were obtained from the culture collection
maintained in our laboratory at West Virginia University.  GH2-6 and SR2-6 are SCP of
GH2[CHV3-GH2] and SR2[CHV3-SR2], respectively, that lack dsRNA and were
developed by Dr. Scott Enebak.  The original (parent) isolates SG3-2, KY11, MI4,
GH2[CHV3-GH2], SR2[CHV3-SR2] and EP155, along with their respective infected and
non-infected SCP formed the isolate “families” used in the Fall-96 field experiment.
Field Results:
The Fall-96 field experiment was conducted to investigate the hypoviruses’
effects on the virulence of recovered isolates SG3-2 and KY11 when inoculated to live
American chestnut stems.  Following their inoculation on October 15th, 1996, the cankers
were allowed to develop for seven months.  The first set of data were collected on May
20th, 1997.  By that time, all inoculations had produced cankers.  The average canker size
of each isolate on that date is shown in Figure 2.  Cankers formed by GH2-6 and SR2-6,
the hypovirus-free SCP of the standard comparison isolates, were approximately the same
size as cankers formed by the virulent standard EP155, as were cankers formed by one of
the two hypovirus-free SCP of KY11.  Relative to EP155, all other isolates produced
much smaller cankers.  Furthermore, very little difference in average canker size was seen
among isolates in the SG3-2 and MI4 families.  Only 14 of 108 cankers had visible
stromata on this date, nine were in the hypovirus-free group of isolates, the other five
were in the hypovirus-infected group (data not shown).
Cankers were evaluated a second and final time on July 25th, 1997.  Figure 3
shows the average canker sizes of the isolates on that date.  GH2[CHV3-GH2] was
severely debilitated, relative to GH2-6 and EP155.  The two SR2 isolates produced
cankers of nearly identical size.  Both hypovirus-free isolates in family KY11 had
produced cankers that were approximately the same size as cankers produced by EP155,
and more than twice as large as the hypovirus-infected isolates in the family.  Conversely,
isolates in the SG3-2 family continued to exhibit little difference in average canker size,
whether or not they were hypovirus-infected.  Family MI4 gave mixed results, one
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Fall-96 Experiment: Average Canker Size May 20, 1997
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Figure 2: Average canker size of isolates on May 20th, 1997.  In legend, +dsRNA indicates hypovirus-
infected isolates, -dsRNA indicates hypovirus-free isolates.  Not all families have all isolates listed in the
legend.
Fall-96 Experiment: Average Canker Size on July 25th, 1997 
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Figure 3:  Average canker size on July 25th, 1997.  In legend, “+ dsRNA” indicates hypovirus-infected
isolates, “- dsRNA” indicates hypovirus-free isolates.  Not all families have all SCP in legend.
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hypovirus-free SCP produced cankers not much larger than the hypovirus-infected parent
isolate, the other hypovirus-free SCP produced cankers that were considerably larger than
the parent or the hypovirus-infected SCP in the family.
By July 25th, many cankers bore visible stromata.  The average stromata formation
ratings for all isolates on July 25th are shown in Figure 4.  The average visual rating of
stromata formation, an indication of the size and abundance of stromata per square
centimeter of canker area, was 1.00 for the hypovirus-infected group of isolates,
compared to 2.49 for the hypovirus-free isolates.  This general trend did not apply
toisolate family SG3-2, where one of the hypovirus-infected SCP had the highest
stromata formation rating in the family, and one of the hypovirus-free SCP had the
second lowest rating.  In contrast, stromata formation was reduced by hypovirus-infection
in the KY11 family, the other recovered isolate examined in this experiment
When the Fall-96 field experiment was implemented, I was unaware of the
double-infected status of isolate SG3-2.  The potential consequences of double-infection
must be borne in mind when examining the results of the experiment.  The possibility
exists that the two hypovirus-infected SCP of SG3-2 possessed different infection states.
Each SCP may have been infected with both hypoviruses or singly infected with either.
Alternatively, interactions affecting fungal growth and sporulation might have occurred
between the two hypoviruses.  SG3-2 was the only doubly infected isolate that was used
in the Fall-96 field experiment.
Fall-96 Experiment: Average Stromata Ratings July 25th, 1997
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Figure 4:  Average stromata formation rating.  In legend, “+ dsRNA” indicates hypovirus-infected isolates,
“- dsRNA” indicates hypovirus-free isolates.  Not all families have all SCP in legend.  When cankers were
rated for stromata formation, 1 indicated no stromata evident, 4 indicated large, abundant stromata.
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Vegetative Compatibility Assay
Vegetative compatibility relationships among the isolates were important during
the second and third field experiments.  In these experiments isolates were randomly
assigned to stems to eliminate stem effects as a variable when the results were statistically
analyzed.  Reciprocal pairings of all the released and recovered parent isolates were
performed on bromcresol green medium.  All the isolates produced strong barrage lines
with all other isolates and none produced barrage lines when paired with themselves.
This indicated that the isolates were vegetatively incompatible with one another,
minimizing the risk of hypovirus transmission among isolates in different families when
they were randomly assigned to stems, and positions on stems.
Fall-97 Field Experiment
Development of isolate families:
The discovery that many of the isolates used in my study were infected with two
hypoviruses required the development, from each double-infected isolate, of families of
SCP that were singly infected with each hypovirus, as well as those that were double-
infected and non-infected.  This was accomplished by generating 60 SCP from each
parent isolate.  I retained one replicate set of these SCP cultures, another set was
delivered to Dr. Milgroom’s laboratory for screening using the hybridization protocol.
The hybridization assays proceeded until all possible infection states that could be
derived from a given isolate were identified.  In isolate families EP90, EP93, and P1-5-4-
8 the following infection states were not found; EP90[gh2], EP93[sr2], P1-5-4-8[sr2] and
P1-5-4-8[gh2+sr2].  Hybridization screening of the SCP also did not identify hypovirus-
free SCP in families KY11, SG40-1 or P1-3-1-3.  Fortunately, I previously had identified
at least one SCP that was hypovirus-free from each of these isolates by electrophoresis.
Their non-infected statuses were confirmed by hybridization tests at Cornell University,
and they were included in the experiment.
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This experiment was designed to address two objectives.  The first was to evaluate
the alteration of fungal virulence caused by the hypoviruses in recovered isolates KY11,
SG3-2, SG7-1, SG40-1, P1-3-1-3 and P1-5-4-8, release isolates EP60, EP90 and EP93,
and standard comparison isolates GH2 and SR2.  The second objective was to examine
the consequences of double infections in recovered isolates SG3-2, SG7-1, SG40-1 and
P1-3-1-3, and in release isolate EP93.  The various infection states of the isolates used in
the Fall-97 and Spring-98 field experiments are listed in Table 4 (in Methods and
Materials, page 38).
Field results:
The experiment was initiated on October 17, 1997 by inoculating live American
chestnut stems in Maryland’s Savage River State Forest.  Six months later, on April 15,
1998, when the inoculations were inspected, only 131 (52%) of the 248 inoculations had
produced cankers.  None of the isolates produced cankers at all eight inoculation sites.
The best results were obtained with the virulent standard isolate EP155 and SG40-
1[gh2+sr2].  These two isolates each produced seven cankers.  Several isolates
(KY11[gh2], P1-3-1-3[sr2] and SG7-1[gh2]) produced only one canker.  The failure to
establish  infections was surprising because all of the inoculations made at the same time
the previous year had resulted in infections.
The inoculations were examined again on May 13 and July 24, 1998, but the
unsuccessful inoculation sites still had not  produced cankers.  In fact, by July 24, 21 of
the previously expanding cankers had stopped growth.  The lack of sufficient repetitions
for many of the test isolates made statistical analysis of the results meaningless, therefore,
no data are shown for this experiment.
Spring-98 Field Experiment
Because of the failure of the Fall-97 field study, a third experiment was started
June 15, 1998, in the Monongahela National Forest near Parsons, West Virginia.  The
same isolates employed in the Fall-97 field study were used.  On August 14, 1998 the
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inoculations were examined.  In this experiment, only two inoculations failed to produce
infections.  All cankers continued to expand throughout the course of the experiment.
Canker height and width and stromata ratings were recorded on August 14th, October 2nd,
and November 4th, 1998.  Each isolate family was analyzed as a separate experiment, and
EP155 was included in that analysis.  Differences in canker size and stromata formation
were compared by calculating Tukey-Kramer’s Honestly Significant Differences using
JMP IN 3.2.1.  These comparisons were made for each date the data were recorded.
Analysis of canker sizes:
Release isolates:
Cankers formed by the hypovirus-free SCP of EP60 were never statistically
different in size from EP155, the hypovirus-free standard.  Cankers formed by EP60[gh2]
were always significantly smaller than EP155 and EP60[vf] (Figure 5).  EP90 was
represented by only the GH2-type-only infection state because a hypovirus-free SCP was
never identified for this isolate.  Cankers formed by this isolate were significantly smaller
than EP155 on all three dates that data were collected (Figure 6).  In the third release
isolate family, EP93, on August 14th  the hypovirus-free SCP was significantly smaller
than EP155, but not EP93[gh2] or EP93[gh2+sr2] (Figure 7).  By October 2nd, and again
on November 4th, EP93[vf] was no longer statistically different from EP155, and both of
these hypovirus-free isolates were significantly larger than the hypovirus-infected SCP in
the family.  EP93[gh2] and EP93[gh2+sr2] were never different from one another.
Results for the release isolate families can be summarized by saying that by the end of the
experiment the hypovirus-infected SCP were always significantly debilitated in growth,
relative to their hypovirus-free counterparts and EP155.
Recovered isolates:
The KY11 and P1-5-4-8 families were represented by SCP that were either
hypovirus-free or singly infected by a GH2-type hypovirus.  KY11[vf] and EP155 were
similar to each other, and significantly larger than KY11[gh2] on all three dates data were
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Spring-98 Experiment: EP60 and EP155
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Figure 5: Average canker sizes of  EP60 family on each date data were collected.  Different letters indicate
a statistically significant difference between SCP on each date.
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Figure 6: Average canker sizes of  EP90 family on each date data were collected.  Different letters indicate
a statistically significant difference between SCP on each date.
Figure 7: Average canker sizes of  EP93 family on each date data were collected.  Different letters indicate
a statistically significant difference between SCP on each date.
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collected (Figure 8).  In family P1-5-4-8, on August 14th the two SCP were similar to
each other, but smaller than EP155 (Figure 9).  By October 2nd, P1-5-4-8[vf] was similar
to EP155 and larger than the GH2-type infected SCP in the family.  On November 4th, all
three isolates were different from one another.
The doubly infected isolate families produced two patterns of growth.  The first
pattern was seen in families SG3-2 and SG40-1 (Figures 10 and 11, respectively).  In
these two families, the GH2-type infected SCP formed cankers that were, on average, less
than half the size of the non-infected SCP in the family, but the differences in canker size
were not significant on any date due to large variances.  The second pattern was seen in
families SG7-1 and P1-3-1-3 (Figures 12 and 13, respectively).  With these families, on
August 14th, no statistically significant differences were found between the SCP and
EP155, except P1-3-1-3[gh2+sr2], which formed cankers significantly smaller than
EP155, but not the other SCP in the family.  By October 2nd, and again on November 4th,
the hypovirus-free SCP, SR2- type infected SCP and EP155 were statistically similar to
each other.  The GH2-type-only and doubly infected SCP also were similar to each other
on both dates, but smaller than the hypovirus-free SCP, SR2-type infected SCP and
EP155.
The data collected on November 4th also were analyzed using the General Linear
Models procedure to determine if significant interactions had occurred between
hypoviruses in the double-infected isolates (analysis not shown).  This analysis revealed a
significant hypovirus interaction affecting canker size in two families, SG3-2 and P1-3-1-
3.  In family SG3-2, this interaction resulted in SG3-2[gh2+sr2] producing larger cankers,
on average, than either of the singly infected isolates in the family.  The opposite case
was true in the P1-3-1-3 family, where the double infected SCP produced smaller cankers
than any other SCP in the family.
A summary of the statistical analysis of canker sizes produced by the double-
infected recovered isolates can be stated as follows.  In two families (SG3-2 and SG40-1),
infection by either hypovirus, alone or together, did not significantly debilitate the growth
of the host isolates.  In family SG3-2, the doubly infected SCP produced larger cankers
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than either singly infected SCP, and the General Linear Models procedure detected
significant interactions between the two hypoviruses.  In the other two isolate families
 
Spring-98 Experiment: KY11 and EP155
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Figure 8: Average canker sizes of  KY11 family on each date data were collected.  Different letters indicate
a statistically significant difference between SCP on each date.
Spring-98 Experiment: P1-5-4-8 and EP155
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Figure 9: Average canker sizes of  P1-5-4-8 family on each date data were collected.  Different letters
indicate a statistically significant difference between SCP on each date.
Spring-98 Experiment: SG3-2 and EP155
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Figure 10: Average canker sizes of  SG3-2 family on each date data were collected.  Different letters
indicate a statistically significant difference between SCP on each date.
Spring-98 Experiment: SG40-1 and EP155
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Figure 11: Average canker sizes of  SG40-1 family on each date data were collected.  Different letters
indicate a statistically significant difference between SCP on each date.
Spring-98 Experiment: SG7-1 and EP155
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Figure 12: Average canker sizes of  SG7-1 family on each date data were collected.  Different letters
indicate a statistically significant difference between SCP on each date.
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Figure 13: Average canker sizes of  P1-3-1-3 family on each date data were collected.  Different letters
indicate a statistically significant difference between SCP on each date.
(SG7-1 and P1-3-1-3), neither hypovirus, alone or together, caused a significant reduction
in growth after eight weeks.  However, after an additional six weeks of growth, there
were statistically significant differences.  SCP that contained a GH2-type hypovirus,
alone or in combination with an SR2-type hypovirus, were significantly smaller than SCP
that were hypovirus-free or infected with only an SR2-type hypovirus.  Furthermore, the
doubly infected SCP in the P1-3-1-3 family produced smaller cankers than the other SCP
in the family and the General Linear Models procedure detected a significant interaction
between the two hypoviruses.
Standard comparison isolates:
The isolates used as standards performed as expected, based on previously
published reports (Fulbright, 1983, 1984, Enebak, 1992, 1994a).  EP155 produced
cankers that were as large or larger than any other isolate tested.  Growth of GH2 was
strongly reduced when infected with its hypovirus (Figure 14), while isolate SR2 was not
significantly affected by the presence of its hypovirus (Figure 15).
 Stromata formation:
Stromata ratings were closely related to canker size.  This relationship was seen in
data from August 14th, October 2nd and November 4th.  Only data from November 4th are
presented.  Figures 16 through 19 present the average stromata ratings and canker sizes
for all isolates on that date.  A comparison of the stromata ratings and canker sizes of
SCP within each isolate family reveals the relationship between these two components of
virulence.  For example, in the three release isolates (EP60, EP90 and EP93), the
presence of a GH2-type hypovirus always significantly reduced both stromata formation
and growth (Figures 16 and 17).  The same reduction also was evident in the KY11, P1-5-
4-8 (Figures 18 and 19), and GH2 (Figure 16 and 17) families.  In the SR2 family,
presence of the SR2 hypovirus did not significantly reduce stromata formation or growth
(Figures 16 and 17).  In recovered isolate families SG3-2 and SG40-1, no significant
differences in stromata formation were found between the SCP in either family or EP155,
except for SG3-2[gh2], where the average stromata rating was significantly lower than
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the other SCP in the family and EP155.  In contrast, in recovered isolate families SG7-1
and P1-3-1-3, no significant
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Spring-98 Experiment: GH2 and EP155
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Figure 14: Average canker sizes of  GH2 family on each date data were collected.  Different letters indicate
a statistically significant difference between SCP on each date.
Spring-98 Experiment: SR2 and EP155
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Figure 15: Average canker sizes of  SR2 family on each date data were collected.  Different letters indicate
a statistically significant difference between SCP on each date.
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differences were found between EP155, the hypovirus-free SCP and the SR2-type-only
infected SCP of either family.  Furthermore, in the SG7-1 family, the GH2-type-only SCP
and the doubly infected SCP were similar to each other, but significantly less than EP155
and the other two SCP.  However, in family P1-3-1-3, the average stromata rating for the
doubly infected SCP was significantly lower than the rating for P1-3-1-3[gh2], which, in
turn, also was significantly lower than the ratings for EP155 and the other two SCP in the
family.
Re-isolations:
On December 9th, 1998, C. parasitica isolations were made from a subset of 26
cankers included in the Spring-98 field experiment.  These isolations were made to
evaluate the hypovirus infection statuses of the cankers.  The evaluations of infection
status was done at Cornell University using the hybridization protocol.  These tests
revealed that the isolates from ten of the 26 cankers still contained the hypoviruses
present when the inoculations were made.  Isolates from five of the remaining 16 cankers
contained a GH2-type hypovirus not present in the inocula used to start the cankers.
Conversely, isolates from five cankers no longer contained a GH2-type hypovirus that
had been present in the inocula.  Isolates from eleven cankers indicated an apparent
acquisition of an SR2-type hypovirus, but in no instance was an SR2-type hypovirus not
present in the isolates from cankers initiated with that hypovirus type.
At Cornell University, the cultures obtained from the re-isolations also were checked for
vegetative compatibility with the original parent isolate and/or the SCP used as inocula to
start the cankers.  All ten of the isolates obtained from cankers that still contained the
proper infection state were vegetatively compatible with their parental strains.  Eight of
the 16 cankers with inconsistent infection states yielded isolates that also were compatible
with their parental strains.  Six of the remaining eight samples were not vegetatively
compatible with their parental strains, the remaining two isolates had become
contaminated and thus were not assayed for vegetative compatibility.
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Average Stromata Ratings of Release and Standard Isolates Nov. 4th, 
1998
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Figure 16: Average stromata ratings for the release and standard comparison isolates on November 4th.
Stromata formation was rated on a scale 0-4 (0 = no stromata, 4 = large, abundant stromata).  Letters at the
top of each bar indicate statistical similarities or differences within each isolate family.  EP155 analysis with
each family was always “a”.
Average Canker Sizes of Released and Standard Isolates Nov 4th, 1998
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Figure 17: Average canker sizes of the release and standard comparison isolates on November 4th.  These
data also are presented in Figures 4-14, shown here for comparison with Figure 15.
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Average Stromata Ratings for Recovered Isolates Nov. 4th,1998 
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Figure 18: Average stromata ratings for the recovered isolates on November 4th.  Stromata formation was
rated on a scale 0-4 (0 = no stromata, 4 = large, abundant stromata).  Letters at the top of each bar indicate
statistical similarities or differences within each isolate family.  EP155 analysis with each family was always
“a”.
Average Canker Sizes of Recovered Isolates Nov. 4th, 1998
0
20
40
60
80
100
120
140
160
180
EP155 SG3-2 SG7-1 SG40-1 P1-3-1-3 P1-5-4-8 KY11
Isolate
Si
ze
 (c
m 
sq
.)
Virus-free GH2 SR2 Both
Figure 19: Average canker sizes of recovered isolates on November 4th.  These data also are presented in
Figures 4-14, shown here for comparison with Figure 16.
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Table 6:  Summary of results from the Spring-98 experiment on 11-4-98.
Summary of Spring-98 Experiment Final Results
Isolate Avg. area Avg. mean Avg. spore Std. dev.
area
Std. dev.
mean
Std. dev.
spore
EP155 139.48 13.54 3.25 25.42 1.27 0.89
EP60 123.83 13.07 3.25 35.27 2.39 0.71
EP60[CHV3-gh2] 18.01 4.44 1.00 21.19 2.19 0.00
EP90[CHV3-gh2] 42.92 7.29 1.50 25.64 1.97 0.93
EP93 102.64 11.34 2.63 43.02 2.70 1.06
EP93[CHV3-gh2] 36.50 6.00 0.38 44.81 3.73 0.52
EP93[gh2+sr2] 23.79 5.78 1.38 2.42 0.25 0.52
SG3-2 126.39 12.84 3.13 63.85 3.53 0.99
SG3-2[CHV3-gh2] 51.87 8.20 1.88 16.53 1.18 0.64
SG3-2[CHV3-sr2] 103.06 11.63 3.13 23.91 1.30 0.99
SG3-2[gh2+sr2] 117.70 11.64 2.75 119.69 4.86 1.04
SG7-1 170.16 14.44 3.63 86.31 4.02 0.74
SG7-1[CHV3-gh2] 24.92 5.87 1.63 9.27 1.00 0.52
SG7-1[CHV3-sr2] 125.98 12.66 3.00 53.23 2.99 0.93
SG7-1[gh2+sr2] 25.52 6.06 2.00 4.99 0.49 0.53
SG40-1 103.03 11.19 2.75 84.87 4.99 1.39
SG40-1[CHV3-gh2] 55.11 8.02 1.75 41.69 3.25 1.28
SG40-1[CHV3-sr2] 117.34 12.78 2.38 29.71 1.87 0.74
SG40-1[gh2+sr2] 93.01 10.83 2.75 39.03 2.51 1.28
P1313 130.11 12.84 3.57 46.72 2.63 0.52
P1313[CHV3-gh2] 50.28 8.23 2.25 17.71 1.55 0.71
P1313[CHV3-sr2] 131.03 13.18 3.50 50.74 2.67 0.76
P1313[gh2+sr2] 18.74 5.04 1.00 7.27 1.15 0.00
P1548 111.80 12.03 2.63 19.29 1.05 1.06
P1548[CHV3-gh2] 28.25 6.20 1.88 9.02 0.83 0.99
KY11 124.73 12.56 2.75 49.50 3.31 0.71
KY11[CHV3-gh2] 24.98 5.68 1.13 12.43 1.49 0.64
GH2 103.39 11.63 3.38 32.85 1.94 0.92
GH2[CHV3-GH2] 38.02 6.23 0.63 47.47 4.01 1.06
SR2 122.01 12.65 3.00 30.16 1.71 0.93
SR2[CHV3-GH2] 120.98 12.40 2.88 42.85 2.15 1.13
59
Table 7:  General Linear Model analysis of data collected on 11-4-98 from the Spring-98 experiment.  For
this analysis, canker size was calculated as the average of the longitudinal and latitudinal measurements of
each canker.
General Linear Model Analysis of Spring -98 Experiment
Isolate Hypovirus Prob.  >F Size Prob. >F Spore
EP60 gh2-type 0.0001 0.0001
EP93 gh2-type 0.0001 0.0001
sr2-type 0.6029 0.0058
SG3-2 gh2-type 0.0459 0.0196
sr2-type 0.3208 0.1932
interaction 0.0448 0.1932
SG7-1 gh2-type 0.0001 0.0001
sr2-type 0.3868 0.6178
interaction 0.2876 0.0533
SG40-1 gh2-type 0.0401 0.4678
sr2-type 0.0745 0.4678
interaction 0.6123 0.1166
P1-3-1-3 gh2-type 0.0001 0.0001
sr2-type 0.0515 0.0031
interaction 0.0375 0.0092
P1-5-4-8 gh2-type 0.0001 0.166
KY11 gh2-type 0.0001 0.0003
GH2 CHV3-GH2 0.0041 0.0001
SR2 CHV3-SR2 0.8005 0.8119
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In Vitro Morphology and Growth
The morphology, pigmentation and growth of the isolates used in the Fall-97 and
Spring-98 field experiments were examined in vitro to complement the information
obtained from the field studies.  Photographs of 7-day-old colonies of all isolates used in
the Fall-97 and Spring-98 field studies are presented by family in Figures 20 and 21.
Other than the exceptions discussed below, the isolates displayed morphologies typical of
C. parasitica, including bright orange pigmentation, smooth to lobate margins and white
aerial hyphae.  The morphologies of the standard comparison isolates were consistent
with previous descriptions (Fulbright, 1983, Enebak, 1992, 1994).  GH2[CHV3-GH2]
produced small colonies with smooth margins and few aerial hyphae.  The hypovirus-free
SCP of GH2, both isolates in the SR2 family, and EP155 produced colonies with typical
morphologies.  The release isolate EP60 contained a GH2-type hypovirus that conferred a
morphology similar to that of type-isolate GH2[CHV3- GH2] (compare photographs of
EP60[gh2] and GH2[CHV3- GH2] in Figure 20).  When SCP representing different
infection states of the recovered isolates were compared, hypovirus-induced
morphological abnormalities were not seen, except the double-infected SCP of P1-3-1-3
(Figure 21) and the GH2-type-infected SCP of KY11 (Figure 21), which both produced
small colonies.
Occasionally, fast growing, lightly pigmented colonies occurred in all isolate
families (visible in Figures 20 and 21).  The “white” morphology was seen in 10-20% of
the colonies, and did not represent a change in infection status (data not shown).  Upon
sub-culturing, colonies with a “white” morphology would revert to the normal, orange
pigmented morphology approximately 50% of the time.  Individual colonies exhibiting
the “white” morphology also produced fewer conidia, by two to three orders of
magnitude,  than isogenic colonies with a “normal” morphology (data not shown).
Because the “white” morphology was not stable, and not associated with any family or
infection state, calculations of average colony diameter did not include colonies
exhibiting this trait.
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Figure 20: Photographs of 7-day-old colonies.  Colonies marked CHV3 are infected with a GH2-type
hypovirus.  Note the occurrence of the “white” morphology type, evident in the middle virus-free colony of
EP60, the bottom GH2-type infected colony of EP93 and two of the three virus-free GH2 colonies.
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Figure 21: Photographs of 7-day -old colonies.  CHV3 denotes infection with a GH2-type hypovirus.  Note
the not-infrequent appearance of the “white” morphology.
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Using JMP IN 3.2.1 to calculate the Tukey-Kramer Honestly Significant
Differences, the average colony diameters of all SCP pairs within each family (including
EP155) were compared.  Figures 22 and 23 show the results of this analysis.  Within a
family, isolates with the same letter at the top of each bar were not significantly different
from each other.  The analyses for EP155 in relation to the SCP in each family are given
in the captions.  The average colony diameters of all SCP in release isolate families EP60
and EP93 were not significantly different from EP155.  EP90[gh2] did differ significantly
from EP155.  With the exception of SG7-1, the recovered isolates produced significantly
smaller colonies when infected with only their respective GH2-type hypoviruses.
Interestingly, only the hypovirus-free SCP in family SG7-1 produced colonies that were
significantly different (smaller) than EP155.  This is the only instance of a hypovirus-free
isolate being different from EP155.  Likewise, all SCP infected with only an SR2-type
hypovirus were not different from EP155.  Double-infected isolates were the same as
EP155 in families EP93, SG7-1, SG40-1, but not in family SG3-2.  The double-infected
SCP of SG3-2 was EP155 and the hypovirus-free and SR2-only-infected SCP, but the
same as the GH2-only infected SCP.  Finally, in family P1-3-1-3, the double-infected
SCP was significantly smaller than EP155 and all other SCP in the family.
64
Average Colony Diameters for Release and Standard Isolates
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Figure 22: Average diameters of 7-day-old colonies formed by the release and standard comparison
isolates.  Letters at the top of each bar indicate statistical similarities or differences.  Analysis of EP155
with each family was; “a” for families EP60, EP90 EP93 and SR2, “b” for family GH2.
Average Colony Diameters of Recovered Isolates
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Figure 23: Average diameters of 7-day-old colonies formed by the recovered isolates.  Letters at the top of
each bar indicate statistical similarities or differences.  Analysis of EP155 with each family was; “a” for
families SG3-2, SG7-1, P1-5-4-8 and KY11, “ab” for families SG40-1 and P1-3-1-3.
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Discussion
This study was originally designed to examine the virulence of hypoviruses in
isolates recovered from sites where they had been experimentally deployed as biological
control agents for chestnut blight in the late 1970’s and early 1980’s.  Some of the
recovered isolates contained GH2-type hypoviruses that probably descended from
hypoviruses originally released into the plots.  The original proposal was to move the
recovered hypoviruses into one or more genetic backgrounds so their effects could be
compared without the effects of host genotype as a variable.  However, vegetative
compatibility barriers that existed, coupled with a lack morphological changes associated
with infection by the recovered hypoviruses, would have made transmission and its
recognition difficult and time consuming.  Therefore, the project was modified to
comparing the effects of the released and recovered GH2-type hypoviruses on the growth
and sporulation of the isolates in which the hypoviruses were found.
The first attempt to make these comparisons (Fall-96 experiment) used hypovirus-
free and hypovirus-infected single conidial progeny (SCP) developed from KY11 and
SG3-2, two isolates recovered from Kentucky and West Virginia, respectively.  The
experiment was started October 15th, 1996.  C. parasitica  isolates GH2 and SR2 were
included in this preliminary trial as standards for comparison.  When the experiment
concluded, SCP derived from recovered isolate SG3-2 displayed only slight differences in
virulence, whether hypovirus-infected or hypovirus-free.  In contrast, KY11 was strongly
debilitated by its hypovirus.  Consistent with previously published reports, GH2 also was
highly debilitated by its hypovirus, (Fulbright et al, 1983) and SR2 was not (Enebak,
1992, 1994a).
Both KY11 and SG3-2 were infected with a GH2-type hypovirus that had
presumably persisted in the field for approximately fifteen years.  The hypovirus infecting
KY11 had been able to maintain a high level of virulence towards its host isolate,
whereas the SG3-2 hypoviruses had not.  The subsequent discovery that all the isolates
recovered from West Virginia, including SG3-2, were doubly infected with GH2- and
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SR2-type hypoviruses provides a possible explanation for the differences in virulence
between SG3-2[sr2] and KY11[sr2].  Because the double-infected status of SG3-2 was
not known when the Fall-96 field experiment was started, the hypovirus-infected SCP
derived from the isolate and employed in the experiment also were probably doubly
infected.  When two hypoviruses co-infect a single host, there is the possibility that
interactions between the hypoviruses may affect their virulence.  Smart and Fulbright
(1995) have reported an positive interaction, where both hypoviruses together are more
virulent than either hypovirus alone, and Elliston (1985a, 1985b) has reported masking of
the less virulent hypovirus by the more virulent one.  Although not previously reported,
another possibility is a negative interaction and it is likely that this occurred between the
SG3-2 hypoviruses during this experiment.
An investigation of the interactions between hypoviruses in the double-infected
isolates was added to the original objective of comparing the virulence of the released and
recovered hypoviruses.  The Fall-97 experiment was designed to fulfill both objectives by
comparing the growth and sporulation of SCP derived from the released and recovered
isolates that were either hypovirus-free, infected with each hypovirus alone, or both
hypoviruses together.  The unfortunate failure of almost half the inoculations to establish
cankers precluded statistical analysis of the results from the experiment.  Although
statistical analysis was not possible, data from the experiment were useful as
confirmation of the results from the Spring-98 experiment.  This will be discussed later.
The failure of the Fall-97 field experiment inoculations was unexpected, because
inoculations made at virtually the same time the previous year (Fall-96 experiment) were
all successful.  In addition, in a previous study investigating the success of inoculations
made every other month showed October to be one of the best months to initiate cankers
(Double and MacDonald, 1993).  In conflict with these results, a 1912 investigation of the
success of inoculations made at monthly intervals reported that October was a poor month
to artificially initiate cankers (Anderson and Rankin, 1914).
The disparate results in the successfulness of inoculations between my first and
second field experiments may be explained by differences in weather between years,
especially in temperature.  Stevens (1917) reported that temperature was the primary
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climatalogical factor controlling growth of C. parasitica.  To see if low temperatures
might have been responsible for the large number of failed inoculations in the Fall-97
field experiment, daily maximum and minimum temperatures during 1996, 1997 and
1998 at the Savage River Dam Weather Station, located within 10 kilometers of the
experimental plots, were obtained and reviewed.  Review of the daily temperature data
revealed a period of exceptionally low minimums soon after inoculations were made
October 17th, 1997.  The cold period began October 21st, 1997 and continued for six
successive nights of freezing temperatures.  During this period, temperatures as low as
23o F were recorded, and maximum temperatures were only in the upper 40’s to lower
60’s (Fahrenheit).  In 1996, 17 nights passed without dipping below freezing, and daytime
high temperatures consistently rose into the upper 60’s and lower 70’s (Fahrenheit).  The
temperature differences in the days immediately after the inoculations were made in 1996
and 1997 may explain the failure of the 1997 inoculations and the success in 1996.  Data
on mean monthly temperatures also were obtained from the office of the Maryland State
Climatologist.  The mean monthly temperature is an average temperature at a given
location for an entire month.  Interestingly,  the mean monthly temperatures for the fall
and winter of 1996-7 were slightly lower than for the same period one year later, when so
many inoculations failed to produce infections.
When the inoculations were repeated during the summer of 1998, all but two
resulted in expanding cankers.  The high percentage of successful inoculations was
probably due to the inoculations having been made in mid-June, when temperatures are
warm, and therefore more optimal for the establishment of infections and fungal growth.
All cankers except the two unsuccessful inoculations continued to expand throughout the
course of the experiment.
The first objective of this study was to compare the virulence of the released and
recovered GH2-type hypoviruses.  When November 4th  data from the Spring-98
experiment on the growth and sporulation of the released and recovered GH2-type-only
infected SCP were compared, the SG3-2, SG40-1 GH2-type hypoviruses did not cause a
significant reduction in the growth or sporulation of their host isolate.   The other four
recovered GH2-type hypoviruses (in isolates SG7-1, P1-3-1-3, P1-5-4-8 and KY11) did
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debilitate the growth and sporulation of their host isolates significantly, as did all three of
the released GH2-type hypoviruses.  Because only two of the six recovered GH2-type
hypoviruses were less debilitating than the released GH2-type hypoviruses, this aspect of
my study provided limited evidence for a trend towards a reduction in virulence in
hypovirus populations in eastern North America.  The SR2-type hypoviruses in this study
are stronger evidence of this trend.  None of the SR2-type hypoviruses examined caused
significant changes in the growth and sporulation of their host isolates.  SR2-type
hypoviruses are “common and widespread” in eastern North America (Peever et al,
1997).  Furthermore, SR2-type hypoviruses were the most commonly identified
hypovirus type in the survey conducted by Peever et al. (1997).  Because SR2-type
hypoviruses are non-debilitating and common throughout the natural range of American
chestnuts, they provide strong evidence that non-virulent hypoviruses have a competitive
advantage in North America.
Definitive conclusions regarding a reduction in virulence of North American
hypoviruses were not possible based on this study.  Only two of the six recovered GH2-
type hypoviruses were statistically less virulent to their respective hosts than the released
GH2-type hypoviruses.  In addition, interactions between host isolate and hypovirus have
been shown to affect the degree of debilitation caused by the hypovirus (Chen and Nuss,
1999).  A direct comparison of the released and recovered GH2-type hypoviruses would
require moving these hypoviruses into one or more common genetic backgrounds.  Doing
so would eliminate host-isolate/hypovirus interactions as a variable.  Future work of this
type might use a limited subset of the hypoviruses examined in this study, including the
hypoviruses contained in SG3-2 and P1-3-1-3, because these two isolate families best
exemplify the two patterns of differences in growth and sporulation seen in this study.
Additional insight into the differences between the released and recovered hypoviruses
would be provided if the genomic sequences of the hypoviruses were determined and
compared.  By comparing nucleotide sequences, altered domains could be located, further
elucidating the role of specific hypovirus proteins in modulating fungal virulence.
The results of the Spring-98 experiment support the theoretical findings of Taylor
et al. (1998).  Their model predicts that when selection favors increased virulence for the
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pathogen (e.g. C. parasitica), selection also tends to favor hyperparasites (e.g.
hypoviruses) that debilitate the pathogen less.  Another prediction of Taylor et al.’s model
is that selection favors reduced hyperparasite virulence when horizontal transmission of
the hyperparasite is limited.  The high diversity of vegetative compatibility groups in
most North American populations of C. parasitica is thought to limit horizontal
transmission of hypoviruses (MacDonald and Fulbright, 1991).  Selection for increased
transmission of the fungus would have operated when C. parasitica was first introduced
to North America, due to the high number of unexploited susceptible hosts.  Those strains
of the fungus with higher reproductive rates would be able to exploit more of the resource
presented by the large American chestnut population.  Those hypoviruses that reduced the
reproductive rate of their hosts least also would have a selective advantage, assuming that
all hypoviruses were horizontally transmitted at equal rates.  In this sense, the SR2-type
hypoviruses would be highly fit, because they affect the growth or sporulation of the
fungus only slightly.  Assuming that the SR2-type hypoviruses evolved either prior to, or
soon after the introduction of chestnut blight to this continent, the consequent spread of
these hypoviruses would coincide with the spread of the fungus.  This could explain their
widespread distribution in North America.
Another prediction made by Taylor et al’s model is that populations of less
virulent hyperparasites are resistant to invasion by more virulent ones.  Therefore, once
established, the SR2-type hypoviruses could resist displacement by other, more
debilitating hypoviruses.  Despite repeated introductions, hypoviruses that debilitate C.
parasitica enough to be useful as biocontrol agents have generally failed to establish
themselves in North American C. parasitica populations (MacDonald and Fulbright,
1991).  The inability of debilitating hypoviruses to become established in North American
populations of C. parasitica may be partially due to exclusion by the non-debilitating
SR2-type hypoviruses.
Only in isolated populations of the tree and fungus have hypoviruses debilitating
enough to allow survival of the tree become established in North America.  Curiously,
these hypoviruses are in the GH2 hybridization group, and may be closely related to the
SR2-type hypoviruses (both groups are in the CHV3 genus) (Brad Hillman, pers. com.).
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One striking feature of the CHV3 hypoviruses is the lack of ORF A, which codes for
factors that have been demonstrated to reduce conidiation (Craven et al, 1993).
Hypoviruses lacking ORF A have, thus far, only been found in North America (Peever et
al, 1997, 1998), suggesting that the trait may have evolved here in response to
evolutionary pressures.  This is significant because hypoviruses are known to be
transmitted into conidia, but not ascospores.  Therefore, loss of ORF A, allowing an
increase in conidiation, also would increase the vertical transmission (to fungal spores) of
these hypoviruses.  An increase in vertical transmission would, in turn, increase
horizontal transmission (to other colonies) because conidia containing hypoviruses can be
dispersed to new locations where they may come into contact with other, uninfected
colonies of the fungus.  Upon germination, the hypovirus(es) within the conidia could
then be transferred to the uninfected colonies via anastomosis.
Further evidence that less debilitating hypoviruses are better able to persist in
North American populations of the fungus was provided at the conclusion of  the Spring-
98 experiment.  Isolates obtained from selected cankers in the experiment were screened
by hybridization to confirm the infection state of the cankers.  Of the 26 cankers
examined, GH2-type hypoviruses were found in the samples from five of ten cankers that
had been started with isolates that were GH2-type-free, and “lost” in the samples from 5
of 16 cankers that had contained a GH2-type hypovirus when started.  In contrast, SR2-
type hypoviruses were never absent when they should have been present, and were found
in the samples from 11 of 15 cankers that were SR2-type-free when initiated.  If the trend
for loss of the debilitating GH2-type hypoviruses, coupled with a higher rate of horizontal
transmission of non-debilitating SR2-type hypoviruses, is extrapolated over time, the
GH2-type hypoviruses would eventually be lost from the fungal population, leaving only
the better adapted, non-debilitating SR2-type hypoviruses.  However, global conclusions
cannot be drawn from the small sample size discussed in this paragraph.
Although the hybridization work discussed in the previous paragraph appears to
support the model of co-evolution proposed by Taylor et al.(1998), it also cast doubt on
the results obtained from the Spring-98 field experiment.  Less than half the cankers from
which re-isolations were made contained the intended hypoviruses.  A number of
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explanations for the failure to recover isolates with the same infection state the cankers
were initiated with exist.  Multiple strains of C. parasitica infecting a single canker have
been reported (Kuhlman and Battacharyya, 1984).  The lack of vegetative compatibility
between the reisolated strains from eight of the sixteen cankers that no longer contained
the hypoviruses they were started with may be an example of multiple strains within a
canker.  Another possible explanation for the improper infections is sectoring within a
canker.  Fulbright (1983) reported that sectors lacking the hypovirus were common with
isolate GH2[CHV3-GH2] in vitro.  Sectoring and a concomitant loss of hypovirus
infection also may occur in vivo.  Finally, it is possible that there was canker-to-canker
transmission of the hypoviruses.  Although care was taken to avoid assigning differently
infected SCP within an isolate family to the same stem, insects or other animals may have
vectored hypovirus-infected conidia or mycelial fragments between cankers within an
isolate family on different stems.
The problems concerning the infection states and vegetative compatibility of the
reisolations from the cankers in the Spring-98 field experiment are countered by the
general agreement among the results of the Fall-96, Fall-97 and Spring-98 field
experiments. Isolate families KY11, GH2 and SR2 were common to the three field
experiments.  These isolate families performed similarly in each of the experiments.  This
is shown in Figure 24.  Each experiment is depicted in a different color, isolates are listed
sequentially along the X axis, and the average canker size formed by a given isolate is
displayed on the Y axis.  In every experiment, isolates KY11 and GH2 were strongly
debilitated by hypovirus infection.  Isolate SR2 was only slightly debilitated in the Fall-96
and Spring-98 experiments and only moderately debilitated in the Fall-97 experiment.
The moderate debilitation of SR2 in the Fall-97 experiment could be partially explained
by the low number of successful inoculations (three) for both isolates in that family.  In
addition to the three isolate families shown, isolate SG3-2 was not significantly
debilitated by hypovirus infection in any field experiment.  The consistent performance of
the isolate families included in all three field experiments (isolate families GH2, KY11,
SG3-2 and SR2) mutually support the validity of the results from each experiment.
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Figure 24: Comparison of the relative growth rates for three isolate families in the three field experiments.
The second major objective of this study was to examine interactions that affect
fungal virulence between hypoviruses in double-infections.  Two consequences of mixed
hypovirus infections have been reported.  The first is a masking effect, when the more
virulent hypovirus obscures the effects of the less virulent one (Elliston, 1985a, 1985b).
Masking was exhibited by the SG7-1 family in this study.  The second previously
reported interaction is when the two hypoviruses together are more debilitating than either
hypovirus alone (Smart and Fulbright, 1995), exhibited in this study by the P1-3-1-3
family.  A third possible interaction is for the two hypoviruses to be less debilitating
together than either is alone.  This study is the first time that interactions decreasing
debilitation of the host isolate have been observed (in the SG3-2 family).  Figure 25
illustrates all three interactions discussed here.  A note should be made that each
combination of two hypoviruses was in a unique host background, and host genotype has
been shown to influence hypovirus virulence (Chen and Nuss, 1999).  The interactions
between hypoviruses discussed in this paragraph may have been influenced by additional
interactions with the host isolates.
Two hypothetical examples can be used to illustrate how negative and positive
interactions might occur.  Negative modulation could occur if two co-infecting
hypoviruses each produced a regulatory isozyme involved in expression of virulence, but
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not efficiently recognized by the other hypovirus.  In this case, competitive interference
between the isozymes would reduce the ability of both hypoviruses to debilitate their
host.  Alternatively, positive modulation could occur if two distinct hypovirus regulatory
proteins are involved.  In this scenario, each of the co-infecting hypoviruses produces one
regulatory protein that acts strongly to increase virulence, and one protein that acts
weakly.  If hypovirus A produces a strong protein X and a weak protein Y, and hypovirus
B produces a weak protein X and a strong protein Y, then it would be possible for the two
strong proteins to mask the effect of the two weak proteins.  Both hypoviruses would then
behave in a more virulent manner than either would alone.
Modulation of virulence has evolutionary implications.  For example, a hypovirus
may be more virulent than is favored by the conditions present at a given time.  The
hypovirus might be able to persist if coupled with second hypovirus that modulates the
first hypovirus’ virulence down to a level better adapted to the current conditions.  If
conditions then changed, favoring a greater level of virulence, the more virulent
hypovirus would be poised to exploit the new situation.  This is similar to the “quasi-
species” concept that has been proposed for RNA viruses (Strauss et al, 1991).  The
quasi-species concept states that because RNA viruses make frequent copy errors when
replicating, and can produce numerous progeny from a single infection, a large number of
unique genomes
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Figure 25: Three possible consequences of interactions between hypoviruses in doubly infected isolates.
Isolate family SG3-2 displayed negative modulation.  Isolate family SG7-1 displayed masking of the weaker
hypovirus by the stronger one.  Isolate family P1-3-1-3 displayed positive modulation.
74
can be present within a single host.  Some of these genomes may be less fit under existing
conditions, but survive due to complementation by other, more fit individuals.  When
conditions shift, there is a pre-developed catalog of novel genomes, one or more of which
might be better adapted to the new conditions.  This would represent a type of  “pre-
evolution”.  Modulation in hypoviruses could present similar opportunities to “pre-adapt”
to unspecified future conditions.
Conclusions
This study provided limited evidence in support of the hypothesis that less
debilitating hypoviruses are more likely to persist in populations of C. parasitica found in
the mid-Appalachian region.  Supporting evidence includes the decreased debilitation
caused by the GH2-type hypoviruses in the SG3-2 and SG40-1 families, relative to that
caused by the released GH2-type hypoviruses.  Additional evidence was provided by the
avirulence and facile spread of the SR2-type hypoviruses examined.  This evidence also
supports the predictions of the model proposed by Taylor et al. (1998), whereby less
debilitating hypoviruses have a selective advantage in many North American populations
of C. parasitica.  Finally, my study also demonstrated that when mixed infections occur,
there may be the previously reported masking effect, or interactions that modulate
hypovirus virulence.  The interactions can be either positive or negative, and may provide
a mechanism for the survival of hypoviruses that are not favored by current conditions.
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 APENDICES
Appendix 1: Standard Growth Media
Glucose Yeast Extract with Chlortetracycline and Streptomycin:
Glucose 10.0 g
Yeast Extract 2.0 g
Potassium Phosphate (KH2PO4)  1.0 g
Magnesium Sulfate (MgSO4) 0.5 g
Thiamin Solution*  1.0 ml
Biotin Solution** 1.0 ml
Microelement Solution*** 2.0 ml
Agar 20.0 g
Mille-Q Water 1000 ml
*Thiamin Solution contains 0.001 mg/ml
**Biotin Solution contains  0.005 mg/ml
***Microelement Solution contains:
Ferrous Sulfate 0.5mg/ml
Manganous Sulfate 0.44 mg/ml
Zinc Sulfate 0.15 mg/ml
Potato Dextrose Agar:
Potato Dextrose Agar (Difco) 39.0 g
1-1 Methionine    0.1 g
Biotin Solution (0.005 mg/ml) 1.0 ml
Mille-Q Water 1000 ml
Bromcresol Green Medium:
Potato Dextrose Agar (Difco) 24.0 g
Malt Extract 7.0 g
Yeast Extract 2.0 g
Tannic Acid 0.8 g
Bromcresol Green 50 mg
Tween 1.0 ml
Agar (Difco) 10.0 g
Mille-Q Water 1000 ml
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Appendix 2: Electrophoresis Supplies and Buffer Solutions
Cellophane:
Flexel Corporation
115 Perimeter Center
Suite 1100
Atalanta GA 30346
(404) 393-0696  (800) 541-8682
STE (10X):
0.5M Tris  61.0 g
0.1M Sodium Chloride   58.0 g
0.001M Disodium EDTA   3.70 g
ddH20 1000 ml
(adjust pH to 6.8 with glacial acetic acid [approximately 30 ml])
STE EtOH Buffer:
(made at time of extraction, not to be stored)
10X STE 100 ml
95% EtOH 157-188 ml*
ddH20 Volumize to 1000 ml
* Each batch of CF11 has a different optimal percentage of EtOH for maximum yield of dsRNA.  Thereforr,
each batch of CF11 must be calibrated to find the optimum EtOH percentage.  Use one dsRNA-containing
isolate, in equal amounts and extract using 15, 16, 17, and 18% EtOH.  The amount of EtOH in 1X STE for
15-18% mixtures is as follows:
STE:EtOH 95% EtOH in 1X STE 95% EtOH added to 25 ml
graduated cylinder
15%      157 ml 3.9 ml
16%      167 ml 4.1 ml
17%      178 ml 4.4 ml
18%      188 ml 4.7 ml
10X TBE:
Tris 54.5 g
Boric acid 27.8 g
Disodium EDTA   1.9 g
ddH20 Volumize to 1000 ml
(do not adjust pH, it should be approximately 8.3)
Resuspension Buffer:
10X TBE  2 ml
Sucrose  4 g
ddH20 38 ml
Bromcresol Blue Solution:
Bromcresol Blue 50 mg
Sucrose 25 g
ddH20 50 ml
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Appendix 3: Electrophoresis protocol
Each isolate to be examined by electrophoresis was sub-cultured  on four Petri plates containing 25
ml of PDA overlain with a sterile disc of cellophane.  Aseptic transfer of cultures to cellophane plates was
done from stock cultures as previously described.  The cultures on cellophane plates were allowed to grow
for approximately ten days, at that time 80% or more of the surface of each plate was covered with
mycelium.  The mycelia from the four plates of each isolated being examined were then pooled and ground
in liquid nitrogen in a mortar and pestle.  Ground mycelia were stored until extraction and electrophoresis in
30 ml polyethylene or glass bottles with screw caps at -20o C.
To begin the extraction of hypovirus dsRNA from fungal mycelia, bottles containing the isolates to
be examined were removed from cold storage.  Eleven ml of 2X STE (Appendix 2) was added to each
bottle.  The contents of each bottle were stirred and transferred to 30 ml polyethylene centrifugation tubes
with screw caps.  Eleven milliliters of phenol containing 0.1% 8-hydroxyquinoline was added to each tube,
followed by 5-8 ml of a 24:1 mixture of chloroform/ isoamyl alcohol.  The tubes were then shaken on ice at
100 rpm on a rotary shaker for 30-45 minutes.  After shaking, the tubes were placed in a centrifuge at 8000
rpm for 30 minutes at 4o C.  The aqueous phase of each tube was then removed with a disposable Pasteur
pipette and placed in 25 ml graduated cylinder.
Centrifugation was followed by ion exchange chromatography on a CF11 cellulose column.  To
accomplish this, 12 grams of cellulose powder was mixed with 200 ml of 1X STE containing 14-17 percent
ethyl alcohol, depending on the optimal concentration of alcohol for a given batch of cellulose powder, and
stirred vigorously for several minutes.  Twenty five ml of the suspension was then pipetted into each of
eight chromatography tubes and allowed to drip until all excess fluid had drained.  Meanwhile, each sample
in the graduated cylinders was adjusted to a volume of 20 ml with 1X STE, and then enough ethyl alcohol
was added to the samples to achieve the same percentage of alcohol as was used to make the cellulose
powder suspension.  The samples were then gently mixed by inverting the graduated tubes and poured into
the chromatography tubes.  All fluid was allowed to drain through the stopcocks of the tubes.  The columns
were then washed with approximately 80-100 ml of the STE/ethyl alcohol solution.  Following washing,
several drops of bromphenol blue (Appendix 2) were placed on the upper surface of the cellulose in each
column, after which the samples were eluted from the columns with 11 ml of 1X STE.  Collection of the
samples in 30 ml glass Corex tubes began when the drops exiting the tubes began to exhibit a blue tinge.
After chromatography, samples were subjected to precipitation in ethanol by mixing the eluent in
the Corex tubes with 9 drops of sodium acetate and 18 ml of ethyl alcohol.  Samples were then placed in a
-20o C freezer overnight.  The following day, the Corex tubes containing the nucleic acid samples were
removed from the freezer and centrifuged for 30 minutes at 8000 rpm and 4o C.  The supernatant was
decanted and disposed.  Each tube was dried on the inside using a Kimwipe wrapped around a rod, taking
care not to disturb the area where the nucleic acid sample had collected on the wall of the Corex tube.
Nucleic acid samples were then resuspended in 1 ml of resuspension buffer (Appendix 2) and succussed for
1 minute using a vortex.  Once resuspended, the samples were treated with 100 µl of magnesium chloride
and 20 µl RNAse-free DNAse.  The DNAse was allowed to act for one hour at room temperature, and
vortexed briefly 2-3 times during this interval.  After the hour had elapsed, 2 ml of ethyl alcohol was added
to each tube, along with one drop of sodium acetate.  The tubes were vortexed briefly to mix the contents
and then placed in a -20o C freezer for at least two hours.
Upon removal from the freezer half of each sample was transferred to a 1.5 ml microfuge tube and
spun at 14,000 rpm for 5 minutes.  The supernatant was decanted and the other half of each sample was then
placed in the same microfuge tube and spun the same way.  Once again, the supernatant was decanted and
thrown away.  The inside of each microfuge tube was dried using a Kimwipe, taking care not to disturb the
pellet at the bottom of the tube.  The pellets were resuspended by vortexing the samples with 20 µl of
resuspension buffer mixed with bromphenol blue in a 4:1 ratio.
Half of each sample was loaded onto a 1% agarose gel containing 40 µl of ethidium bromide and
subjected to electrophoresis in a 100 mV field for two hours.  At the end of this period gels were examined
using 256 nm UV light to detect bands of dsRNA, then photographed to make a permanent record of each
gel run.
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Appendix 4: Final Data from Spring-98 Experiment
Spring-98 Experiment Canker Measurements on 11-4-98
Isolate Stem Position Lat. Long. Spore Area Mean Avg. Area Avg. Mean Avg. Spore
EP155 23 1 11.40 14.40 3.00 128.87 12.90
EP155 29 1 11.40 13.60 4.00 121.71 12.50
EP155 37 1 11.60 16.40 4.00 149.34 14.00
EP155 49 2 10.20 15.60 2.00 124.91 12.90
EP155 11 4 11.70 16.70 4.00 153.38 14.20
EP155 15 4 10.30 14.60 2.00 118.05 12.45
EP155 44 4 12.10 20.40 4.00 193.77 16.25
EP155 23 5 9.60 16.70 3.00 125.85 13.15 139.48 13.54 3.25
EP60[gh2] 12 1 8.00 11.00 1.00 69.08 9.50
EP60[gh2] 5 2 3.60 4.70 1.00 13.28 4.15
EP60[gh2] 16 2 2.90 4.00 1.00 9.11 3.45
EP60[gh2] 8 3 2.70 4.40 1.00 9.33 3.55
EP60[gh2] 8 4 4.00 6.80 1.00 21.35 5.40
EP60[gh2] 22 4 2.00 4.00 1.00 6.28 3.00
EP60[gh2] 32 4 2.60 4.10 1.00 8.37 3.35
EP60[gh2] 34 4 2.50 3.70 1.00 7.26 3.10 18.01 4.44 1.00
EP60[vf] 24 1 8.40 14.20 4.00 93.63 11.30
EP60[vf] 14 3 11.60 12.90 3.00 117.47 12.25
EP60[vf] 21 3 9.30 18.40 2.00 134.33 13.85
EP60[vf] 30 3 8.80 20.30 4.00 140.23 14.55
EP60[vf] 30 4 10.20 12.70 3.00 101.69 11.45
EP60[vf] 36 5 9.00 12.80 3.00 90.43 10.90
EP60[vf] 42 5 10.50 13.80 3.00 113.75 12.15
EP60[vf] 46 5 9.50 26.70 4.00 199.12 18.10 123.83 13.07 3.25
EP90[gh2] 13 1 4.80 7.80 3.00 29.39 6.30
EP90[gh2] 27 2 4.50 9.40 2.00 33.21 6.95
EP90[gh2] 28 2 4.50 7.70 2.00 27.20 6.10
EP90[gh2] 48 2 7.80 7.50 0.00 45.92 7.65
EP90[gh2] 27 4 5.30 8.20 1.00 34.12 6.75
EP90[gh2] 6 5 7.40 9.90 1.00 57.51 8.65
EP90[gh2] 30 5 4.40 5.00 1.00 17.27 4.70
EP90[gh2] 45 5 10.40 12.10 2.00 98.78 11.25 42.92 7.29 1.50
EP93[gh2+sr2] 6 1 3.90 7.60 2.00 23.27 5.75
EP93[gh2+sr2] 44 1 4.30 7.10 1.00 23.97 5.70
EP93[gh2+sr2] 1 2 4.60 6.80 2.00 24.55 5.70
EP93[gh2+sr2] 20 2 3.50 7.70 1.00 21.16 5.60
EP93[gh2+sr2] 31 2 4.50 8.20 1.00 28.97 6.35
EP93[gh2+sr2] 42 2 4.00 7.00 2.00 21.98 5.50
EP93[gh2+sr2] 48 4 3.40 8.30 1.00 22.15 5.85
EP93[gh2+sr2] 21 5 4.30 7.20 1.00 24.30 5.75 23.79 5.78 1.38
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EP93[gh2] 10 1 2.70 4.60 0.00 9.75 3.65
EP93[gh2] 15 1 4.00 5.70 0.00 17.90 4.85
EP93[gh2] 41 1 2.90 3.80 0.00 8.65 3.35
EP93[gh2] 12 3 11.40 13.60 1.00 121.71 12.50
EP93[gh2] 26 3 2.70 4.40 0.00 9.33 3.55
EP93[gh2] 34 3 8.60 13.80 1.00 93.16 11.20
EP93[gh2] 38 3 2.30 4.00 0.00 7.22 3.15 36.50 6.00 0.38
EP93[vf] 33 2 11.00 13.60 3.00 117.44 12.30
EP93[vf] 3 3 4.40 7.50 1.00 25.91 5.95
EP93[vf] 7 3 9.90 15.40 2.00 119.68 12.65
EP93[vf] 36 3 11.20 16.50 3.00 145.07 13.85
EP93[vf] 39 3 12.60 16.20 4.00 160.23 14.40
EP93[vf] 17 5 9.60 10.70 2.00 80.64 10.15
EP93[vf] 27 5 7.50 12.20 2.00 71.83 9.85
EP93[vf] 28 5 9.00 14.20 4.00 100.32 11.60 102.64 11.34 2.63
GH2[vf] 22 1 11.00 18.30 4.00 158.02 14.65
GH2[vf] 49 1 10.00 13.90 2.00 109.12 11.95
GH2[vf] 3 2 6.20 11.50 2.00 55.97 8.85
GH2[vf] 9 2 8.60 18.00 3.00 121.52 13.30
GH2[vf] 40 3 10.80 13.30 4.00 112.76 12.05
GH2[vf] 26 4 8.30 12.40 4.00 80.79 10.35
GH2[vf] 29 4 8.10 11.00 4.00 69.94 9.55
GH2[vf] 33 4 11.40 13.30 4.00 119.02 12.35 103.39 11.63 3.38
GH2[CHV3-GH2] 39 1 2.70 4.30 0.00 9.11 3.50
GH2[CHV3-GH2] 43 1 10.40 14.70 3.00 120.01 12.55
GH2[CHV3-GH2] 6 3 8.00 17.30 0.00 108.64 12.65
GH2[CHV3-GH2] 16 3 2.70 5.20 1.00 11.02 3.95
GH2[CHV3-GH2] 43 3 2.40 5.10 0.00 9.61 3.75
GH2[CHV3-GH2] 24 4 3.80 8.30 0.00 24.76 6.05
GH2[CHV3-GH2] 25 5 3.20 4.30 0.00 10.80 3.75
GH2[CHV3-GH2] 32 5 3.10 4.20 1.00 10.22 3.65 38.02 6.23 0.63
KY11[gh2] 3 1 3.10 4.90 1.00 11.92 4.00
KY11[gh2] 19 1 5.60 9.60 2.00 42.20 7.60
KY11[gh2] 48 1 2.00 4.60 0.00 7.22 3.30
KY11[gh2] 23 2 3.40 7.20 1.00 19.22 5.30
KY11[gh2] 37 2 4.80 8.20 1.00 30.90 6.50
KY11[gh2] 43 4 5.00 7.90 1.00 31.01 6.45
KY11[gh2] 46 4 6.10 7.90 1.00 37.83 7.00
KY11[gh2] 1 5 3.50 7.10 2.00 19.51 5.30 24.98 5.68 1.13
KY11[vf] 4 1 3.30 6.80 2.00 17.62 5.05
KY11[vf] 7 1 10.80 14.70 2.00 124.63 12.75
KY11[vf] 45 1 10.90 17.00 3.00 145.46 13.95
KY11[vf] 10 3 11.50 18.80 3.00 169.72 15.15
KY11[vf] 15 3 11.80 16.30 3.00 150.99 14.05
KY11[vf] 35 3 10.00 12.40 4.00 97.34 11.20
KY11[vf] 42 3 10.80 19.70 3.00 167.02 15.25
KY11[vf] 49 3 9.60 16.60 2.00 125.10 13.10 124.73 12.56 2.75
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P1313[gh2+sr2] 34 1 4.60 7.40 1.00 26.72 6.00
P1313[gh2+sr2] 42 1 3.30 9.80 1.00 25.39 6.55
P1313[gh2+sr2] 1 3 3.50 7.60 1.00 20.88 5.55
P1313[gh2+sr2] 17 3 3.10 5.40 1.00 13.14 4.25
P1313[gh2+sr2] 32 3 2.20 4.30 1.00 7.43 3.25
P1313[gh2+sr2] 21 4 4.60 5.00 1.00 18.06 4.80
P1313[gh2+sr2] 23 4 3.30 4.70 1.00 12.18 4.00
P1313[gh2+sr2] 19 5 4.50 7.40 1.00 26.14 5.95 18.74 5.04 1.00
P1313[gh2] 8 1 7.50 11.70 2.00 68.88 9.60
P1313[gh2] 16 1 6.20 11.70 3.00 56.94 8.95
P1313[gh2] 4 2 3.90 8.50 2.00 26.02 6.20
P1313[gh2] 4 3 4.70 7.60 3.00 28.04 6.15
P1313[gh2] 20 3 6.50 10.60 3.00 54.09 8.55
P1313[gh2] 24 3 5.00 9.70 1.00 38.07 7.35
P1313[gh2] 2 5 6.40 14.50 2.00 72.85 10.45
P1313[gh2] 7 5 8.30 8.80 2.00 57.34 8.55 50.28 8.23 2.25
P1313[sr2] 9 1 8.20 20.50 4.00 131.96 14.35
P1313[sr2] 28 1 11.00 14.60 4.00 126.07 12.80
P1313[sr2] 6 2 10.70 23.20 3.00 194.87 16.95
P1313[sr2] 26 2 8.00 13.20 4.00 82.90 10.60
P1313[sr2] 50 2 15.30 17.20 3.00 206.58 16.25
P1313[sr2] 22 3 12.00 15.20 4.00 143.18 13.60
P1313[sr2] 38 5 6.50 12.00 2.00 61.23 9.25
P1313[sr2] 50 5 9.10 14.20 4.00 101.44 11.65 131.03 13.18 3.50
P1313[vf] 12 2 11.80 17.50 4.00 162.10 14.65
P1313[vf] 18 4 9.30 11.00 4.00 80.31 10.15
P1313[vf] 35 4 12.60 18.50 3.00 182.98 15.55
P1313[vf] 40 4 11.40 8.20 4.00 73.38 9.80
P1313[vf] 41 4 10.30 14.60 3.00 118.05 12.45
P1313[vf] 45 4 10.40 23.70 4.00 193.49 17.05
P1313[vf] 10 5 10.00 12.80 3.00 100.48 11.40 130.11 12.84 3.57
P1548[gh2] 5 1 4.70 6.90 1.00 25.46 5.80
P1548[gh2] 11 1 6.30 7.50 1.00 37.09 6.90
P1548[gh2] 26 1 5.90 8.80 2.00 40.76 7.35
P1548[gh2] 36 2 2.80 9.00 2.00 19.78 5.90
P1548[gh2] 13 3 5.00 7.90 4.00 31.01 6.45
P1548[gh2] 37 3 3.70 7.20 2.00 20.91 5.45
P1548[gh2] 48 3 5.30 8.40 1.00 34.95 6.85
P1548[gh2] 17 4 3.00 6.80 2.00 16.01 4.90 28.25 6.20 1.88
P1548[vf] 14 1 12.00 14.30 2.00 134.71 13.15
P1548[vf] 14 2 11.40 15.00 2.00 134.24 13.20
P1548[vf] 25 2 10.90 14.00 3.00 119.79 12.45
P1548[vf] 38 2 9.70 11.20 3.00 85.28 10.45
P1548[vf] 9 3 9.70 16.00 2.00 121.83 12.85
P1548[vf] 33 3 11.20 11.70 4.00 102.87 11.45
P1548[vf] 47 3 11.00 12.60 4.00 108.80 11.80
P1548[vf] 31 5 8.20 13.50 1.00 86.90 10.85 111.80 12.03 2.63
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SG3-2[gh2+sr2] 22 2 19.60 26.40 4.00 406.19 23.00
SG3-2[gh2+sr2] 34 2 10.50 17.00 4.00 140.12 13.75
SG3-2[gh2+sr2] 47 2 8.40 9.90 1.00 65.28 9.15
SG3-2[gh2+sr2] 19 3 6.00 12.00 2.00 56.52 9.00
SG3-2[gh2+sr2] 25 3 7.60 11.00 3.00 65.63 9.30
SG3-2[gh2+sr2] 28 3 9.00 11.20 2.00 79.13 10.10
SG3-2[gh2+sr2] 45 3 7.00 13.40 3.00 73.63 10.20
SG3-2[gh2+sr2] 1 4 6.50 10.80 3.00 55.11 8.65 117.70 11.64 2.75
SG3-2[gh2] 18 1 5.10 8.30 2.00 33.23 6.70
SG3-2[gh2] 21 1 9.20 10.40 2.00 75.11 9.80
SG3-2[gh2] 11 2 8.30 8.20 2.00 53.43 8.25
SG3-2[gh2] 18 3 8.90 10.90 3.00 76.15 9.90
SG3-2[gh2] 3 4 4.80 9.20 2.00 34.67 7.00
SG3-2[gh2] 14 5 7.10 9.80 1.00 54.62 8.45
SG3-2[gh2] 35 5 5.40 10.60 2.00 44.93 8.00
SG3-2[gh2] 48 5 6.20 8.80 1.00 42.83 7.50 51.87 8.20 1.88
SG3-2[sr2] 2 1 11.70 14.80 4.00 135.93 13.25
SG3-2[sr2] 30 1 7.60 13.40 3.00 79.94 10.50
SG3-2[sr2] 2 3 9.70 14.00 4.00 106.60 11.85
SG3-2[sr2] 41 3 11.70 13.80 4.00 126.75 12.75
SG3-2[sr2] 36 4 9.70 15.60 4.00 118.79 12.65
SG3-2[sr2] 5 5 10.40 12.60 2.00 102.87 11.50
SG3-2[sr2] 15 5 8.30 10.30 2.00 67.11 9.30
SG3-2[sr2] 29 5 7.20 15.30 2.00 86.48 11.25 103.06 11.63 3.13
SG3-2[vf] 33 1 11.80 14.80 3.00 137.09 13.30
SG3-2[vf] 38 1 8.20 9.90 4.00 63.73 9.05
SG3-2[vf] 10 2 9.60 13.60 3.00 102.49 11.60
SG3-2[vf] 44 3 11.00 22.40 4.00 193.42 16.70
SG3-2[vf] 50 3 12.20 15.30 3.00 146.53 13.75
SG3-2[vf] 31 4 11.60 25.70 4.00 234.02 18.65
SG3-2[vf] 9 5 6.50 15.80 3.00 80.62 11.15
SG3-2[vf] 24 5 6.40 10.60 1.00 53.25 8.50 126.39 12.84 3.13
SG40-1[gh2+sr2] 21 2 8.50 14.90 1.00 99.42 11.70
SG40-1[gh2+sr2] 43 2 10.20 16.60 1.00 132.92 13.40
SG40-1[gh2+sr2] 25 4 10.20 12.60 4.00 100.89 11.40
SG40-1[gh2+sr2] 50 4 12.00 15.20 4.00 143.18 13.60
SG40-1[gh2+sr2] 16 5 6.40 9.50 2.00 47.73 7.95
SG40-1[gh2+sr2] 18 5 5.70 7.50 3.00 33.56 6.60
SG40-1[gh2+sr2] 26 5 7.50 12.30 3.00 72.42 9.90
SG40-1[gh2+sr2] 37 5 11.00 13.20 4.00 113.98 12.10 93.01 10.83 2.75
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SG40-1[gh2] 27 1 8.50 10.20 1.00 68.06 9.35
SG40-1[gh2] 31 1 9.00 12.70 4.00 89.73 10.85
SG40-1[gh2] 29 3 6.10 9.80 2.00 46.93 7.95
SG40-1[gh2] 13 4 9.90 17.50 3.00 136.00 13.70
SG40-1[gh2] 4 5 4.00 6.00 1.00 18.84 5.00
SG40-1[gh2] 44 5 2.70 4.60 0.00 9.75 3.65
SG40-1[gh2] 47 5 5.90 9.00 2.00 41.68 7.45
SG40-1[gh2] 49 5 5.60 6.80 1.00 29.89 6.20 55.11 8.02 1.75
SG40-1[sr2] 35 1 10.50 16.80 3.00 138.47 13.65
SG40-1[sr2] 36 1 8.40 14.90 2.00 98.25 11.65
SG40-1[sr2] 46 1 7.00 25.40 3.00 139.57 16.20
SG40-1[sr2] 8 2 15.30 13.80 2.00 165.74 14.55
SG40-1[sr2] 23 3 6.00 15.20 1.00 71.59 10.60
SG40-1[sr2] 5 4 11.70 11.50 3.00 105.62 11.60
SG40-1[sr2] 42 4 11.60 13.10 3.00 119.29 12.35
SG40-1[sr2] 34 5 8.80 14.50 2.00 100.17 11.65 117.34 12.78 2.38
SG40-1[vf] 17 1 4.20 9.50 3.00 31.32 6.85
SG40-1[vf] 40 1 11.00 13.30 4.00 114.85 12.15
SG40-1[vf] 2 2 10.40 17.50 4.00 142.87 13.95
SG40-1[vf] 30 2 7.20 11.30 2.00 63.87 9.25
SG40-1[vf] 32 2 11.80 30.60 3.00 283.45 21.20
SG40-1[vf] 12 5 2.80 7.30 0.00 16.05 5.05
SG40-1[vf] 20 5 6.80 11.30 2.00 60.32 9.05
SG40-1[vf] 39 5 10.60 13.40 4.00 111.50 12.00 103.03 11.19 2.75
SG7-1[gh2+sr2] 50 1 4.60 7.50 2.00 27.08 6.05
SG7-1[gh2+sr2] 13 2 5.20 8.70 3.00 35.51 6.95
SG7-1[gh2+sr2] 18 2 4.20 7.10 2.00 23.41 5.65
SG7-1[gh2+sr2] 40 2 3.60 8.50 2.00 24.02 6.05
SG7-1[gh2+sr2] 27 3 4.00 9.30 1.00 29.20 6.65
SG7-1[gh2+sr2] 31 3 2.90 8.60 2.00 19.58 5.75
SG7-1[gh2+sr2] 6 4 3.80 7.60 2.00 22.67 5.70
SG7-1[gh2+sr2] 10 4 3.90 7.40 2.00 22.66 5.65 25.52 6.06 2.00
SG7-1[gh2] 20 1 5.50 9.50 2.00 41.02 7.50
SG7-1[gh2] 7 2 3.70 7.80 1.00 22.66 5.75
SG7-1[gh2] 24 2 4.20 7.40 2.00 24.40 5.80
SG7-1[gh2] 44 2 2.70 8.40 2.00 17.80 5.55
SG7-1[gh2] 9 4 3.90 7.30 2.00 22.35 5.60
SG7-1[gh2] 3 5 4.50 7.80 1.00 27.55 6.15
SG7-1[gh2] 11 5 5.40 7.80 2.00 33.06 6.60
SG7-1[gh2] 22 5 2.40 5.60 1.00 10.55 4.00 24.92 5.87 1.63
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SG7-1[sr2] 1 1 11.70 14.60 3.00 134.09 13.15
SG7-1[sr2] 19 2 3.70 10.00 1.00 29.05 6.85
SG7-1[sr2] 29 2 10.00 13.90 3.00 109.12 11.95
SG7-1[sr2] 41 2 11.80 17.90 3.00 165.81 14.85
SG7-1[sr2] 14 4 11.70 16.60 3.00 152.46 14.15
SG7-1[sr2] 38 4 9.90 13.40 4.00 104.14 11.65
SG7-1[sr2] 8 5 10.00 13.30 3.00 104.41 11.65
SG7-1[sr2] 33 5 12.20 21.80 4.00 208.78 17.00 125.98 12.66 3.00
SG7-1[vf] 32 1 10.00 12.80 4.00 100.48 11.40
SG7-1[vf] 47 1 12.80 15.40 4.00 154.74 14.10
SG7-1[vf] 35 2 4.70 9.30 2.00 34.31 7.00
SG7-1[vf] 39 2 13.70 16.00 4.00 172.07 14.85
SG7-1[vf] 45 2 12.80 20.00 4.00 200.96 16.40
SG7-1[vf] 46 2 19.50 21.20 4.00 324.52 20.35
SG7-1[vf] 37 4 13.60 21.30 4.00 227.40 17.45
SG7-1[vf] 39 4 11.20 16.70 3.00 146.83 13.95 170.16 14.44 3.63
SR2[vf] 15 2 8.80 12.30 2.00 84.97 10.55
SR2[vf] 17 2 12.60 12.50 4.00 123.64 12.55
SR2[vf] 5 3 11.50 14.20 4.00 128.19 12.85
SR2[vf] 2 4 10.50 16.10 4.00 132.70 13.30
SR2[vf] 7 4 7.50 12.00 2.00 70.65 9.75
SR2[vf] 19 4 9.70 19.00 2.00 144.68 14.35
SR2[vf] 28 4 11.90 17.40 3.00 162.54 14.65
SR2[vf] 43 5 10.00 16.40 3.00 128.74 13.20 122.01 12.65 3.00
SR2[CHV3-SR2] 11 3 8.60 13.70 3.00 92.49 11.15
SR2[CHV3-SR2] 12 4 12.50 15.30 3.00 150.13 13.90
SR2[CHV3-SR2] 16 4 8.70 10.30 2.00 70.34 9.50
SR2[CHV3-SR2] 20 4 9.20 14.00 2.00 101.11 11.60
SR2[CHV3-SR2] 47 4 14.00 16.20 4.00 178.04 15.10
SR2[CHV3-SR2] 49 4 7.10 12.80 1.00 71.34 9.95
SR2[CHV3-SR2] 13 5 13.80 15.60 4.00 168.99 14.70
SR2[CHV3-SR2] 40 5 11.20 15.40 4.00 135.40 13.30 120.98 12.40 2.88
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